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ABSTRACT OF THE DISSERTATION
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by
Juan J. Ferreira
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Washington University in St. Louis, 2022
Professor Celia M. Santi, Tutor.
Professor Jeanne Nerbonne, Chair
At the end of pregnancy, the uterus transitions from a non-contractile state to a highly
contractile state. Two processes primarily drive this transition. First, from the 28th week
of pregnancy until labor, the resting membrane potential of uterine (myometrial)
smooth muscle cells (MSMCs) gradually becomes more positive (depolarizes)
(Parkington et al. 1999). Second, at the end of pregnancy, MSMCs express more
oxytocin receptors and become more sensitive to oxytocin (Kimura et al. 1996).
However, the detailed mechanisms by which these processes occur have not been
determined. My central hypothesis was that the Na+-activated K+ channel SLO2.1
plays a key role in both of these processes. I tested this hypothesis by performing
different experiments on primary cultures of MSMCs obtained from samples donated
by women undergoing elective C-sections at term non-labor and from an immortalized
cell line of human MSMCs (hTERT-HM). First, I confirmed that SLO2.1 channels are
expressed in MSMCs and contribute to the resting membrane potential (Ferreira et al.,
2019). Second, I showed that activating the oxytocin receptor and protein kinase C
(PKC) through the non-canonical pathway inhibits SLO2.1 channels and leads to a
depolarization of membrane potential (Ferreira et al., 2019). Third, I showed that the

ix

K+ current driven by SLO2.1 channels is modulated by an inward Na + leak current
primarily carried by Na+ leak channel, non-selective (NALCN) (Ferreira et al. 2021 and
Ferreira et al. 2019). Fourth, I demonstrated that SLO2.1 and NALCN channels are
less than 40 nm from one another in MSMCs and act as a functional complex that can
modulate the membrane potential. Activation of this complex promotes membrane
hyperpolarization and reduces MSMC excitability and contractility. Finally, I
demonstrated that the exact mechanisms are present in mice and showed that the
expression and activity of both NALCN and SLO2.1 significantly decrease toward the
end of pregnancy. Together, these and additional data support the following model:
During the quiescent state, Na+ current through NALCN activates SLO2.1 channels,
increasing K+ efflux to maintain MSMCs in a hyperpolarized, non-contractile state. At
the end of pregnancy, there is a reduction in the expression of NALCN, leading to
decreased SLO2.1 activity. The resulting reduced K+ efflux depolarizes the membrane,
leading to activation of voltage-dependent Ca2+ channels (VDCCs), increased
intracellular Ca2+, myosin activation, and uterine contractility. Additionally, at labor,
oxytocin binds to the oxytocin receptor, leading to the production of inositol
triphosphate (IP3) and diacylglycerol (DAG). IP3 activates the release of Ca2+ from
intracellular stores, and DAG activates PKC, which inhibits SLO2.1 channels (Ferreira
et al., 2019). This SLO2.1 inhibition increases the depolarization of the membrane
potential, opens more VDCCs, increases intracellular Ca2+, and activates further the
myosin to cause muscle contraction. In addition to significantly increasing our
understanding of uterine contractility regulation at pregnancy, my work suggests that
SLO2.1 could be an excellent target to regulate uterine activity during pregnancy.
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Chapter 1: Introduction
Partial content in this section was published in a review title: “Sodium channels in the myometrium
during pregnancy.” Chinwendu Amazu**, Juan J. Ferreira**, Celia M. Santi1, and Sarah K. England.
Current opinion of physiology. Feb. 2020 **Both authors contributed equally.

1.1 Pregnancy and Labor.
Human pregnancy is a normal physiological process that lasts 266 days or 38 weeks
from ovulation, and it has associated behavioral, cardiovascular, hormonal,
hematologic, respiratory, and reproductive changes that allow the fetus’ growth,
maturation, and delivery.
The uterus increases ten times its original size during pregnancy -from 40-70 grams
before pregnancy to 1100-1200 grams at the end of pregnancy (Figure 1.1) (Mesiano,
Wang, & Norwitz, 2011). Uterine growth occurs through both hypertrophy (increase in
the cell size) and hyperplasia (increase in the cell number); it helps to accommodate
the growing fetus during most of the pregnancy and provides the force and mechanical
pressure necessary for parturition at the
end

of

pregnancy

(Shynlova,

Lee,

Srikhajon, & Lye, 2013).
During pregnancy, uterine contractions
gradually transition from a quiescent state,
characterized by weak, asynchronous,
regional contractions, to an activated
state, in which contractions increase in
force, frequency, and synchrony. For the
Figure 1.1. Uterus size during pregnancy

firsts two trimesters, the quiescence of the

uterus is essential and allows the body and organs of the fetus to develop.
Contractions intensify only once the fetus's organs are developed, after week 28th.
1

During labor, the increase in frequency and intensity of the contractions is critical for
a successful delivery (Liao, Buhimschi, & Norwitz, 2005). Thus, the timing of the
transition to a more active uterine muscle needs to be precise to avoid problematic
outcomes.
On the one hand, if the uterus transitions occur too early, there can be problems with
the development of the fetus, and the infant can be born preterm. Preterm birth
increases the risk of infant morbidity and mortality (Blencowe et al., 2012; Goldenberg,
Culhane, Iams, & Romero, 2008; Liu et al., 2012; Saigal & Doyle, 2008). On the other
hand, if this transition is delayed or fails altogether, a cesarean section may be
required, putting the mother at risk of infection and other surgery complications.
Several other adverse outcomes are associated with dysfunctional uterine
contractions.
First, uterine tachysystole that is defined as more than five contractions in ten minutes
over a 30-minute window ("ACOG Practice Bulletin No. 106: Intrapartum fetal heart
rate monitoring: nomenclature, interpretation, and general management principles,"
2009), happens in 10 to 50% of all pregnancies and is associated with a decreased
fetal oxygen saturation and with changes in the beating pattern of the fetus heart
(Simpson & James, 2008). Babies delivered under these conditions have a higher risk
of admission into the Neonatal Intensive Care Unit (Frey et al., 2014).
Second, dystocia, which is characterized by a uterus that does not efficiently contract
during parturition, is associated with higher stillbirth rates and perinatal death risks
(Galal, Symonds, Murray, Petraglia, & Smith, 2012) and is the most prevalent
indication for cesarean delivery in the United States (Barber et al., 2011).
The third aberrant uterine activity mentioned before is preterm labor, which consists
of pathological contractions occurring before the 37th week of pregnancy ("WHO:
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recommended definitions, terminology and format for statistical tables related to the
perinatal period and use of a new certificate for cause of perinatal deaths.
Modifications recommended by FIGO as amended October 14, 1976," 1977). Twothirds of preterm birth are labeled as spontaneous labor, while the remaining are
prescribed or indicated due to maternal or fetal complications - preeclampsia or growth
restriction (Goldenberg et al., 2008). Fifteen million babies are born preterm each year,
with global rates from 5% to 18%, highest in North America and Africa (Blencowe et
al., 2012). Preterm birth ranks the leading cause of neonatal death and the second
cause of childhood death below five years old (Liu et al., 2012). Preterm babies have
higher health and developmental problems that persist into adulthood (Saigal & Doyle,
2008). In the United States, preterm birth is a significant public health issue, with an
annual economic cost of at least $26.2 billion (2007).
To avoid or improve these outcomes, obstetricians use drugs such as progesterone
to prevent preterm labor and Oxytocin to promote uterine contractility. However, these
agents are often ineffectual and associated with adverse maternal and fetal effects.
Most tocolytics drugs, designed to inhibit contractions of myometrial smooth muscle
cells, such as magnesium sulfate, indomethacin, and nifedipine, only delay delivery
for 48 hours or less (Flenady et al., 2014; Gaspar & Hajagos-Toth, 2013).
Recently, it has been a concerning increase in cesarean deliveries. In 2018, 31.9% of
infants born in the United States were delivered through cesarean section (Martin,
Hamilton, & Osterman, 2019; World Health Organization Human Reproduction
Programme, 2015). Many health agencies, including the World Health Organization,
are focusing their efforts on reducing preterm births and cesarean deliveries by among other strategies- advocating more funds to basic research aimed at
understanding normal labor progression (2007). However, despite recent efforts,
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molecular and physiological mechanisms underlying the transition of the uterus from
quiescence to an active state are still not fully understood.

1.2 Uterine Physiology
1.2.1. Hormonal regulation.
Pregnancy is associated with changes in the levels of different hormones (Brunton &
Russell, 2010). Uterine contractility during pregnancy is regulated partly by the actions
of hormones, including oxytocin (OT), progesterone (P4), and estrogen (E2).
Progesterone and E2 can freely cross the cell's plasma membrane, bind to their
respective receptors, and regulate the transcription of various genes, including those
associated with uterine contractility (Sever & Glass, 2013). Progesterone and E2 can
also function at non-genomic levels by activating membrane-localized and G-protein
coupled steroid receptors (Losel & Wehling, 2003; Sever & Glass, 2013). Oxytocin is
a nanopeptide hormone that exerts its actions by activating the plasma membrane
oxytocin receptor (OTR) and plays a significant role in many physiological processes,
including maternal behavior, labor, lactation, and ejaculation.
1.2.1.1. Progesterone (P4).
Progesterone is essential to prevent premature uterine contractions. It reduces the
uterine basal tone, participates in the development of mammary glands, and increases
fat storage due to its catabolic effect on metabolism. The corpus luteum and the
placenta chronologically produce P4 during pregnancy. P4 overall production or proquiescent effects decrease towards the end of pregnancy (Lei et al., 2012; N. Xie et
al., 2012).
P4 binds primarily to two nuclear isoforms of its receptor (PR), PR-A and PR-B,
produced by alternative transcription and translational initiation from a single gene,
PGR (Progesterone Receptor) (Conneely, Maxwell, Toft, Schrader, & O'Malley, 1987;
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Kastner et al., 1990). The PR-A and PR-B isoforms have opposing actions on
myometrial contractility: PR-B dominates throughout pregnancy and maintains
myometrial quiescence, while PR-A is functionally dominant at term and promotes
contraction (Kastner et al., 1990). Progesterone bound to PR-B (P4-PR-B) maintains
uterine quiescence by direct and indirect mechanisms. By directly binding to the
progesterone response elements (PRE), P4-PR-B inhibits transcription of specific
contractile or pro-inflammatory genes (Renthal et al., 2015).
1.2.1.2. Estrogen (E2).
Like P4, E2 production starts at the corpus luteum and later is produced by the
placenta, reaching its peak at birth. Estrogen binds to the estrogen receptor α (ERα)
and, as pregnancy progresses to term, promotes myometrial contractility by signaling
through both classical and non-classical pathways. In the classical pathway, E2 binds
to the ERα receptor and increases the expression of several genes, including OTR,
Connexin 43 (CX43), and Prostaglandin-endoperoxide synthase 2 (COX-2) (Mesiano
et al., 2002; Murata, Narita, Honda, Matsukawa, & Higuchi, 2003; Piersanti & Lye,
1995; Williams, Renthal, Condon, Gerard, & Mendelson, 2012). E2 also indirectly upregulates pro-inflammatory genes like COX-2 (Williams et al., 2012), which catalyzes
the production of prostaglandins to initiate labor (Gibb, 1998). In the non-classical
pathway, E2 can also activate the extracellularly regulated kinase/mitogen-activated
protein kinase (ERK/MAPK) pathway and indirectly up-regulate the transcription of the
OTR gene (Welsh et al., 2012).
1.2.1.3. Oxytocin (OT).
OT is synthesized by neurons of the supraoptic and paraventricular nuclei at the
hypothalamus, which axons connect with the posterior lobe of the pituitary gland
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(Arrowsmith & Wray, 2014). However, peripheral tissues, including the uterus, corpus
luteum, amnion, and placenta, can also synthesize OT (Arrowsmith & Wray, 2014).
OT, one of the most potent stimulators of uterine contractility, exerts its effects by
activating the oxytocin receptor (OTR). Dynamic changes in the expression, together
with genetic polymorphisms of the OTR, provide significant variability in the activity of
OT (Devost, Wrzal, & Zingg, 2008; Kumsta, Hummel, Chen, & Heinrichs, 2013; Malik
et al., 2021).
Although

the

role

of

Oxytocin in parturition in
humans and animals has
been extensively studied,
and it is well known that
OTR expression increases
at the end of pregnancy
(Kimura et al., 1996), the
Figure 1.2. Smooth muscles contraction scheme and
diagram of the effects of Oxytocin in MSMCs.

complete mechanisms of
OT actions are not fully

understood. Oxytocin is known to stimulate uterine contractility by activating the OTR,
a Gαq-coupled receptor, which activates phospholipase C-b (PLC-b), leading to
hydrolysis of phosphoinositide-bis-phosphate (PIP2) into inositol-tris-phosphate (IP3)
and diacylglycerol (DAG). IP3 mobilizes Ca2+ from intracellular stores such as the
sarcoplasmic reticulum (SR), and DAG activates protein kinase C (PKC) (Figure 1.2).
The release of Ca2+ from the SR contributes to smooth muscle contractions via
stimulation of Ca2+-dependent calmodulin, which activates myosin light chain kinase
(MLCK). MLCK phosphorylates the regulatory myosin light chains to generate
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contraction. This Ca2+ release from the SR and Ca2+-dependent modulation of
calmodulin and MLCK is considered the canonical pathway of uterine stimulation by
Oxytocin (Figure 1.2).
However, the activation of PKC by OT and its underlying mechanisms of action are
more complex (Arrowsmith & Wray, 2014). Several isoforms of PKC have been
implicated in uterine contraction, but the substrates for this enzyme in MSMCs were
unknown. Some evidence suggests that OT induces membrane depolarization and
Ca2+ influx through voltage-dependent calcium channels (VDCCs) (Mironneau, 1976).
Chapter 2 of this thesis shows evidence of a newly discovered potassium channel that
contributes to establishing the MSMCs' resting membrane potential. This channel is
inhibited by the activation of the OTR via PKC, inducing membrane depolarization and
activation of VDCCs. This non-canonical signaling pathway of OT activation could also
contribute to an increase in intracellular calcium and contraction of MSMCs
1.2.2 Myometrial smooth muscle contractile activity.
Smooth muscle cells are organized differently than striated muscles and lack the
striated patterns found in cardiac and skeletal muscle. Actin and myosin filaments of
myometrial smooth muscle are arranged in a stacked pattern across the cell (Figure
1.3). The actin filaments are stretched between dense bodies in the cytoplasm and
attachment plaques at the cell membrane. The myosin filaments are located between
the

actin

and intermediate
filaments such
as desmin and
vimentin
Figure 1.3. Smooth muscles cells contractile filaments arrangement.
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to

support the cell

structure. The actin and myosin fibers are arranged at an angle in myometrial smooth
muscle as they run through the cell. Their contractile state is usually controlled by
hormones, autocrine/paracrine agents, and other local chemical signals. Smooth
muscle cells use calcium to initiate contraction and the cross-bridge cycling between
actin and myosin to develop force. Cytosolic Ca2+ is increased through Ca2+ release
from intracellular stores (sarcoplasmic reticulum) and entry through Ca 2+ channels
located in the plasma membrane.
In striated muscle, Ca2+ mediates contraction by inducing changes in the thin filaments
(troponin), while most smooth muscle cells lack troponin and are the calmodulin that
regulates cross-bridge formation -changes in the thick filaments. When cytosolic
calcium increases, it binds to calmodulin -a Ca2+-dependent cytosolic protein(Johnson, Snyder, Walsh, & Flynn, 1996). Then, the Ca2+-Calmodulin complex
activates the myosin light chain kinase (MLCK), which increases the phosphorylation
of myosin light chain MLC20 -the regulatory subunit of the myosin filament (Shojo &
Kaneko, 2001). Once MLC20 is phosphorylated, the ATPase domain hydrolyzes ATP,
changing the angle of the myosin heads, which pulls the actin filaments and shortens
the MSMC. Myosin then releases ADP, binds new ATP, detaches from the actin, and
starts the new cycle (Aguilar & Mitchell, 2010). Thus, the contractile state of smooth
muscle cells is determined primarily by the phosphorylation state of the light chain of
myosin. In uterine smooth muscle from many species, a correlation between the
increase in [Ca2+]i and phosphorylation of MLC20 has been reported in response to
diverse contractile stimuli (Haeberle, Hott, & Hathaway, 1985; B. K. Kim, Ozaki, Hori,
Takahashi, & Karaki, 1998; Oh et al., 2003; Shojo & Kaneko, 2001; Taggart, Menice,
Morgan, & Wray, 1997; Word, Stull, Casey, & Kamm, 1993; Word, Tang, & Kamm,
1994).
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1.2.3. Electrical Basis of Myometrial Contractile Activity.
Electrical activity in myometrial smooth muscle cells or excitable cells, in general, is
carried by the movement of ions across the cell membrane. These ion movement
occurs when ions diffuse through the open channels following their electrochemical
gradient. The active or energy-consuming mechanisms, like pumps, also play a crucial
role in the cell's electrical activity by maintaining the electrochemical gradients. This
thesis is focused only on the ionic leak currents through the membrane and not on
ionic pumps.
In MSMCs, the electrical activity that controls uterine contractions is driven by specific
changes in membrane permeability to Ca2+, K+, Na+, and Cl- ions. Modulation of the
permeability or conductance of these ion channels can result from changes in their
expression and activity (Chan, van den Berg, Moore, Quenby, & Blanks, 2014;
Barbara M. Sanborn, 1995). Myometrial smooth muscle cells have basically three
types of electrical activity: action potentials (AP), pacemaker activity, and long-term
regulation of the resting membrane potential (Vm).
First: Action Potential. Myometrial AP are spontaneous and regenerative, triggering
rhythmic and spontaneous contractions (Diamond & Marshall, 1969; Parkington &
Coleman, 2001; Parkington, Tonta, Brennecke, & Coleman, 1999a; Wray, 1993; Wray
et al., 2003). AP can be divided into three phases: 1) an initial depolarization phase to
reach the threshold. In MSMCs, this phase is controlled by the pacemaker activity as
discussed below, 2) the upstroke, a rapid depolarizing phase, and 3) the repolarization
phase (Yoshihito Inoue et al., 1990; Nakao, Inoue, Okabe, Kawarabayashi, &
Kitamura, 1997; Parkington & Coleman, 2001; Wray et al., 2003). Although the size
and shape of the resulting AP vary depending on gestational stage and species (Wray,
1993), there are commonalities between species. Various ion channels on the
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MSMC’s plasma membrane contribute to the generation and duration of the action
potential (B. M. Sanborn, 1995). The upstroke phase is primarily due to Ca2+ influx
through L-type Ca2+ channels, which are activated at approximately -40 mV (Amedee,
Mironneau, & Mironneau, 1987; Kuriyama & Suzuki, 1976). These channels have slow
activation and inactivation rates (Lipscombe, Helton, & Xu, 2004), allowing the
channels to be open for ten to hundred milliseconds, and sustain the characteristic
plateau of MSMCs' AP and contractions (Lacinova & Hofmann, 2005). The
repolarization phase is driven by both voltage-dependent and Ca2+-activated K+
channels (Brainard, Korovkina, & England, 2007; Casteels & Kuriyama, 1965;
Kuriyama & Suzuki, 1976; Parkington & Coleman, 2001; Parkington et al., 1999a;
Wray, 1993). These channels generate a hyperpolarizing outward K + current, which
inactivates voltage-dependent L-type Ca2+ channels (Brainard et al., 2007) and
contributes to muscle relaxation.
Second: Pacemaker activity. It is believed that the uterus has one or multiple sites
with pacemaker-like characteristics that regulate contractions (Lammers, 2013;
Lammers et al., 2008; Lammers, Stephen, Al-Sultan, Subramanya, & Blanks, 2015;
Lammers, Stephen, Hamid, & Harron, 1999; Lutton, Lammers, James, van den Berg,
& Blanks, 2018; Rabotti & Mischi, 2015; R. C. Young, 2018). Results obtained in rats
and guinea pigs suggested that instead of a static site, like the pacemakers in the
heart, the uterine pacemaker could change location with time or with each contraction
(Lammers et al., 2015). However, to date, no clear pacemaker regions have been
identified in the mammalian uterus. Multi‐electrode recordings of rat uteri
demonstrated that action potentials tend to initiate at placental sites on the
mesometrial border or near the ovarian end (Lammers et al., 2015; Lutton et al., 2018).

10

The cell's pacemaker activity generates depolarizing rhythmic oscillations of the Vm,
allowing MSMCs to spontaneously reach the threshold for the generation of AP, thus
activating L-type Ca2+ channels and contractions. The pacemaker activity is probably
generated by cationic inward currents carried by a non-selective sodium channel
(Lammers, 2013; Wray et al., 2003), but the mechanisms that control this pacemaker
activity are still unclear and further investigation is necessary.
Third: Long-term regulation of the resting membrane potential. This regulation
does not directly modulate the kinetics of the oscillatory changes induced by the
pacemaker activity, but it can modify the starting basal levels. Since the threshold for
AP is usually an independent value that remains unchanged, by modifying the resting
Vm, the cells can change their excitability levels, for example, if the cells are in a more
hyperpolarized state (more negative), it will take longer for the cell's pacemaker to
reach the threshold and trigger an AP and contraction. Conversely, a more depolarized
cell will reach the threshold level easily and fire action potential more frequently.
Interestingly, Parkington et al. showed that human MSMCs’ resting Vm starts to
steadily depolarize after week 28th of pregnancy until labor, with resting Vm values of
approximately -75 mV at the beginning of pregnancy and -50 mV at the end
(Parkington, Tonta, Brennecke, & Coleman, 1999b). Parkington et al. also showed
that these changes in the resting Vm of MSMCs linearly correlate with an increase in
the frequency of contractions (Parkington et al., 1999b). However, the molecular
pathways controlling the changes in Vm and the transition from a quiescent to an active
uterus are still unknown. We believe that understanding the molecular mechanism that
modulates the resting Vm changes can increase our ability to develop strategies to
regulate uterine contractility and prevent pre- or post-term labor anomalies.
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Three predominant ions, Na+, K+, and Cl-, are usually the main contributors to the cell’s
resting Vm. These charged ions distribute across the membrane according to their
respective electrochemical gradient. The equilibrium potential for each ion can be
calculated by the Nernst Equation (Feiner & McEvoy, 1994) and determines the Vm at
which the chemical and electrical gradients are equal and opposite -ion in
electrochemical equilibrium- and where the net flux of the ion through the membrane
is virtually zero. When the Vm is different from the equilibrium membrane potential of
an individual ion, the difference between the ion equilibrium membrane potential and
the Vm generates an electrical gradient -driving force- that drives the charged ions
across the membrane. At rest, an ion's leak current is established by the permeability
to the ion and the driving force. As I mentioned before, the resting Vm is established
by an equilibrium between the leak currents of the most permeable ions (K+, Na+, and
Cl-). The resting Vm of the cells can be calculated using the Goldman-Hodgkin-Katz
equation (GHK) (shown below).

Vm =

𝑃𝑘[𝐾 + ]𝑜+𝑃𝑁𝑎[𝑁𝑎+ ]𝑜+𝑃𝐶𝑙 [𝐶𝑙 − ]𝑖
ln ( [ + ]
)
𝐹
𝑃𝑘 𝐾 𝑖+𝑃𝑁𝑎[𝑁𝑎+ ]𝑖+𝑃𝐶𝑙 [𝐶𝑙 − ]𝑜

𝑅𝑇

Equation 1.1

R = Universal gas constant (8.314 J.K-1.mol-1).
T = Temperature in Kelvin (K = °C + 273.15).
F = Faraday's constant (96485 C.mol-1).
pK = Membrane permeability for K+.
pNa = Membrane permeability for Na+.
pCl = Membrane permeability for Cl-.
[X]o = Extracellular concentration of ion "X".
[X]i = Intracellular concentration of ion “X”.
Overall, processes that alter the expression and activity of leak channels, such as
hormones, can modify the permeability of the cell, the resting Vm, and subsequently
myometrial excitability (Wray, Burdyga, & Noble, 2005). Cells membranes at rest
usually have a higher permeability to K+ than to other ions; thus, K+ ions contribute
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Figure 1.4. Proposed model of a novel sodium signalling complex that regulates uterine activity.

more significantly to the resting Vm, and modulation of the K+ leak currents have a
significant effect on the resting Vm (Baronas & Kurata, 2014; Barbara M. Sanborn,
1995). In this work, we focused on how the modulation of an outward K+ leak current
controls the resting Vm of MSMCs. We also uncovered a novel Na+ signalling
mechanism by which an inward Na+ leak current carried by the NALCN channel
activates a Na+-dependent K+ leak current carried by SLO2.1 channels (Figure 1.4).
1.3. Potassium channels in MSMCs, regulation, and function.
1.3.1. SLO1 channels
SLO1 channels (also known as BKCa or maxi-K) are large-conductance, voltage, and
calcium-sensitive K+ channels. They are the most studied potassium channel in
MSMCs due to their involvement in the repolarizing phase of the action potential.
Because of their large conductance, the activation of only a few SLO1 channels is
sufficient to reverse the membrane potential and induce relaxation. The contribution
of SLO1 channels to the total K+ currents of MSMCs varies depending on the
gestational stage (S. Y. Wang et al., 1998). Contractility studies in rat myometrium at
mid and late pregnancy showed that SLO1 stimulation with NS1619 or its inhibition
with IbTX did not alter the spontaneous contractile activity induced by prostaglandins
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(Bailie, Vedernikov, Saade, & Garfield, 2002). In rats, the SLO1 relaxant effects related
to adenylate cyclase (AC) activation are more significant at mid-gestation than at term
(Okawa et al., 2000), which indicates that at term, the role of SLO1 on maintaining
uterine quiescence is attenuated. Like in rat myometrium, SLO1 current is significantly
larger in myometrium from non-pregnant mice than in myometrium from late pregnant
mice; however, SLO1 transcription and protein expression were higher at late
pregnancy, suggesting multiple regulatory pathways (Nancy A. Benkusky, Korovkina,
Brainard, & England, 2002). The differential expression of AC in gestation, or modified
sensitivity to AC of SLO1 channels, may explain the discrepancy between SLO1
activity and expression levels during a rat’s pregnancy (Lopez Bernal, 2007).
During pregnancy, nitric oxide (NO) activates SLO1 channels and induces MSMCs
relaxation, but this action mechanism also depends on the gestational stage. Nitric
oxide was less effective in inducing uterine relaxation at late-gestation than at midgestation in rats (Okawa et al., 1999). Further investigations are needed to determine
if the activation of myometrial SLO1 channels by NO is a direct effect on the channel
or an indirect effect due to its activation via cyclic cGMP-dependent pathways (Okawa
et al., 1999; Schiemann, Westfall, & Buxton, 1991).
Various hormones are also known to modulate SLO1 channels expression during
pregnancy. Sex hormones and the hypothalamus-pituitary-adrenal axis could affect
MSMCs contractility by regulating SLO1 expression (J. Xie & McCobb, 1998). For
example, Carvajal et al. observed that the chorion exerted a SLO1 activationdependent relaxant effect in pregnant myometrium (Carvajal, Thompson, & Weiner,
2003). These effects were studied in cultured human MSMCs where relaxin increased
the open state probability of SLO1 channels via a PKA-mediated pathway (Meera et
al., 1995).
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Several other mechanisms regulate SLO1 channels during pregnancy, including
alternative splicing, association with accessory ß-subunits, post-translational
modifications, and association with proteins that regulate channel activity.
First, SLO1 channels are encoded by a single gene, KCNMA1, and its diversity is
given by alternative splicing. In mice, SLO1 isoforms with a lower sensitivity to Ca 2+
increase during the second part of pregnancy (Nancy A. Benkusky et al., 2002), while
in humans, these SLO1 isoforms do not show a higher expression level until the labor
(Curley, Morrison, & Smith, 2004; Korovkina, Fergus, Holdiman, & England, 2001)
This could explain for the Ca2+-insensitive SLO1 currents observed in human laboring
myometrium (N. A. Benkusky, Fergus, Zucchero, & England, 2000).
Second, the dynamic association of the SLO1 channels with an accessory beta
subunit (ß-subunit) could add to the diversity of SLO1 channels present in MSMCs.
Four distinct genes (KCNMB1-4) encode the SLO1 beta subunits, with ßeta-1 (ß1)
subunit being the predominant isoform in MSMSCs (Behrens et al., 2000). ß1 subunit
increases the voltage and calcium sensitivity of the SLO1 channel (McManus et al.,
1995), resulting in lower uterine excitability and contractions. In mice, ß1 transcripts
and protein are up-regulated at mid-pregnancy, with postpartum expression returning
to non-pregnant levels (Nancy A. Benkusky et al., 2002), while in humans, the
expression levels of ß1 were lower at-term and preterm than in non-labor patients
(Matharoo-Ball, Ashford, Arulkumaran, & Khan, 2003). This protein may play a role in
maintaining uterine quiescence in mid-pregnancy and late-pregnancy since the
dissociation of the subunit from the channels would generate channels with low
sensitivity to Ca2+. The association of SLO1 with membrane and intracellular proteins
is considered a possible mechanism to regulate uterine relaxation and will need to be
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further explored to understand the complex nature of SLO1 channel regulation in
uterine function (Chanrachakul et al., 2003; Matharoo-Ball et al., 2003).
1.3.2. ATP-sensitive inward rectifying potassium channels (KATP)
Some studies indicate that the ATP-sensitive inward rectifying potassium channels
(KATP) could have a role in keeping myometrial quiescence during pregnancy. The
inward rectifier K+ channel Kir6 is associated with the sulfonylurea receptor (SUR),
responsible for conferring ATP sensitivity, pharmacological properties, and trafficking
of the KATP channel (Babenko, Gonzalez, Aguilar-Bryan, & Bryan, 1999; Clement et
al., 1997; Inagaki et al., 1996). The predominant myometrial isoform is Kir6.1/SUR2B,
although Kir6.2/SUR1 has been detected at the transcript level (Chien, Zhang, Furuta,
& Hara, 1999; Curley et al., 2002). Despite the relatively low open probability of KATP
channels in MSMCs, they could still have a small contribution in setting their resting
Vm (Teramoto, 2006). Studies have shown that Kir6.1/SUR2B is downregulated in late
pregnancy, which could increase myometrial activity during labor (Curley et al., 2002).
Probably the most relevant contribution of these channels comes from its ATP
regulation. Since they are inhibited by intracellular ATP and stimulated by MgADP, the
overproduction of MgADP during fatigue-like conditions could stimulate these
channels and induce relaxation (Dunne & Petersen, 1986). Over-expression of KATP
subunits Kir.6.1 and SUR2B in rats reduced oxytocin-induced contractions in late
pregnancy but not in term rats (Sawada et al., 2005). In human MSMCs, there is a
higher expression of KATP channels and SUR2B at the non-pregnant than at the late
pregnancy stage (Curley et al., 2002). The expression of KATP depends on both the
gestational stage and the presence of labor contractions (Longo et al., 2003); KATP
activity is also regulated by both adenylyl cyclase (AC) and guanylyl cyclase (GC)
(Okawa et al., 2000). Altogether, these could indicate that down-regulation of KATP
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channels in humans may increase uterine excitability at labor. However, further
molecular and cellular characterization, together with functional experiments, are
necessary to understand the regulation of these channels during pregnancy.
1.3.3. Small conductance Ca2+ sensitive potassium channels
Small conductance Ca2+ and voltage insensitive potassium channels (SK) contribute
to the hyperpolarizing current that follows AP in human and mouse MSMCs (Brown et
al., 2007; Modzelewska, Kleszczewski, & Kostrzewska, 2003; Modzelewska,
Kostrzewska, Sipowicz, Kleszczewski, & Batra, 2003); thus, they could play a role in
smooth muscle relaxation. SK channels belong to the KCNN family of potassium
channels (Shmukler et al., 2001) associated with calmodulin, which modulates their
gating through calcium-binding (Xia et al., 1998). SK channels do not possess a
specific calmodulin-binding motif, but a conserved sequence of amino acids in the Cterminal is believed to act as the calmodulin-binding site (Keen et al., 1999).
Calmodulin also guides SK channels to the plasma membrane (W. S. Lee, Ngo-Anh,
Bruening-Wright, Maylie, & Adelman, 2003). Recent experiments conducted in mice
showed that over-expression of the isoform 3 of SK channels (SK3) compromised
labor, possibly due to inefficient contractions (Bond et al., 2000; Pierce & England,
2010). In human non-pregnant and pregnant myometrium, the SK channels inhibitor
(apamin) decreased the relaxation levels obtained with NO (Modzelewska,
Kleszczewski, et al., 2003; Modzelewska, Kostrzewska, et al., 2003). Recent studies
have demonstrated that SK3 expression depresses phasic contractions in mouse
uterus by limiting Ca2+ influx during the AP (Brown et al., 2007). Further investigations
are needed into the function of SK channels and their role in modulating uterine
excitability during pregnancy.
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1.3.4. Voltage-gated potassium channels (Kv channels)
Voltage-dependent K+ channels (Kv) are widely expressed in many tissues, including
uterine smooth muscle. Kv currents differ in kinetics and pharmacological sensitivity
(Knock, Smirnov, & Aaronson, 1999; Knock, Tribe, Hassoni, & Aaronson, 2001; S. Y.
Wang et al., 1998). These channels open with membrane depolarization, for example,
with the depolarization produced by the upstroke phase of the action potential and
contribute to the repolarization of the membrane MSMCs' potential to Vm levels. They
also contribute to the resting Vm and play a small role in maintaining uterine
quiescence during pregnancy (Kolski-Andreaco et al., 2004). In MSMCs, small
depolarizations open or sensitize voltage-dependent calcium channels (L-type Ca2+
channels), inducing contractions or increasing uterine contractility. Increased Kv
channel activity will induce membrane hyperpolarization and essentially lowering
MSMCs' excitability.
For Kv channels to significantly contribute to the resting Vm, the channel should open
at rest and contribute to the K+ leak current. To date, just a few Kv channels contribute
to the K+ leak current at rest (Lundgren, Moore, Chang, Collins, & Chang, 1997).
Electrophysiology studies have described a rapidly inactivating K+ current in MSMCs
from pregnant rats carried by the Kv4 family of K+ channels (Suzuki & Takimoto, 2005).
Kv4.2 and their accessory subunits increased their expression before delivery,
whereas Kv4.1 and Kv4.3 expression declined during pregnancy (Suzuki & Takimoto,
2005). Kv4 channels have many associated subunits in other smooth muscle cells
(Beck, Bowlby, An, Rhodes, & Covarrubias, 2002; Lundby & Olesen, 2006; Yang,
Alvira, Levitan, & Takimoto, 2001). The Kv channel interacting proteins, or KChIPs,
are calcium-binding accessory proteins (An et al., 2000). Two isoforms of KChIP, 2
and 4, have been found in the myometrium (Yang et al., 2001). In rat myometrium,
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KChIP2 is up-regulated at late pregnancy and promotes the traffic of Kv4 channels to
the cell membrane. This subunit also increases Kv4 channels conductance (An et al.,
2000; Shibata et al., 2003), which may reduce uterine contractions.
1.3.5. Na+-activated K+ Channel (SLO2.1) and its role in MSMCs.
This thesis describes the importance of a new K+ channel in MSMCs, the sodiumactivated potassium channel subfamily SLICK or SLO2.1. We also showed the
importance of this channel in regulating the resting Vm of MSMCs. SLO2.1 channels
are members of the SLO family of potassium channels, subfamily T, encoded by the
KCNT2 gene (Bhattacharjee et al., 2003; Yuan et al., 2003), and, like all the members
of this family, they are large-conductance potassium channels. SLO2.1 have a low
voltage-dependence, they are activated by intracellular Na+, and Cl- (Bhattacharjee et
al., 2003; Joiner et al., 1998) and are widely expressed in the brain, testis, lung, heart,
and liver (Ferreira et al., 2019; Yuan et al., 2003).
We showed that SLO2.1 channels are expressed in human MSMCs from pregnant
and non-pregnant women (Ferreira et al., 2019) and in mice MSMCs from Nonpregnant and day post conception (dpc) 7, 14, and 18 (Chapter 4). We determined
SLO2.1 functionality and properties by performing whole-cell patch-clamp and insideout macro patch experiments in human MSMCs. SLO2.1 carried a non-inactivating K+
current resistant to TEA and activated by intracellular Na+ (Ferreira et al., 2019). These
high conductance channels showed significant activity at both +80 mV and -60 mV
membrane potentials, consistent with a KNa current that is open at rest and contributes
to the resting Vm. When siRNA targeted against SLO2.1 was introduced into human
MSMCs, this KNa current disappeared, allowing us to conclude that the K Na current
was carried by SLO2.1 channels (Ferreira et al., 2019).
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Oxytocin, one of the essential pro-contractile hormones during pregnancy and one of
the most potent stimulators of uterine contractility, exerts its effect by activating
the oxytocin receptor (OTR), a Gαq G-protein coupled receptors (GαqPCR) and
causing Ca2+ release through two pathways. The canonical pathway where IP3
induces calcium release from intracellular stores, and a non-canonical pathway where
DAG activates PKC and induces Ca2+ influx by activating voltage-dependent Ca2+
channels through depolarization of the MSMC plasma membrane (Mironneau, 1976).
However, the molecular mechanism responsible for the plasma membrane
depolarization in the non-canonical pathway has been unknown for many years. It has
been shown that SLO2.1 activity is downregulated by GαqPCRs, including the M1
muscarinic receptor, the mGluR1 metabotropic glutamate receptor, and the
angiotensin receptor (Santi et al., 2006). As we mentioned before, inhibition of
potassium leak current at rest can induce membrane depolarization, opening voltagedependent calcium channels and increasing cell contractility. We showed that the
activation of the OTR, a GαqPCR, inhibits SLO2.1 activity, induces membrane
depolarization and Ca2+ influx through voltage-dependent calcium channels. These
new findings suggest that SLO2.1 has a key role in regulating MSMCs' resting Vm and
excitability, particularly at the end of pregnancy and during labor when the expression
of the OTR is up-regulated (Ferreira et al., 2019) (see chapter 2).
Additionally, many excitable cells, including neurons and cardiac cells, can modulate
their Vm by forming complexes between high conducting Na +-activated K+ channels
(KNa, Na+-activated K+ currents) and Na+ channels (Bhattacharjee et al., 2003;
Bischoff, Vogel, & Safronov, 1998; Stuart E. Dryer, 2003; S. E. Dryer, Fujii, & Martin,
1989; Hage & Salkoff, 2012; Haimann, Bernheim, Bertrand, & Bader, 1990;
Kameyama et al., 1984; Li et al., 2019; Takahashi & Yoshino, 2015; Yuan et al., 2003).
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We showed that this special regulation of the resting Vm and myometrial excitability
could also be found in the uterine muscle due to the complex activity formed by the
SLO2.1 channels and the NALCN (Na+ leak channel) (See chapter 3).
1.4. Sodium channels in the myometrium during pregnancy.
Na+ flux across the plasma membrane contributes to the Vm and is the critical ion for
AP generation in multiple types of excitable cells, including neuronal and cardiac cells.
Despite the evidence that various Na+ channels are expressed in the uterus, the Na+
channels' role in myometrial excitability and uterine contraction is less clear (Y. Inoue
& Sperelakis, 1991).
1.4.1. Voltage-gated Na+ channels in MSMCs
Voltage-gated Na+ channels are transmembrane protein complexes responsible for
initiating and propagating action potentials in many cell types (Sweadner, 1989).
These channels are predominantly closed at the resting Vm, but upon sufficient
membrane depolarization (threshold), they will open and generate a positive feedback
loop that further depolarizes the cells and generates the AP.
Historically, these channels are sensitive to tetrodotoxin (TTX) at concentrations of <1
µM of TTX, and although multiple laboratories have detected the presence of a
voltage-gated Na+ channel current in MSMCs, its specific role in MSMCs has remained
an enigma (Kaplan, 2002). Na+-based AP (like those measured in neuronal cells)
typically last on the order of milliseconds, whereas Ca2+-based action potentials (like
those measured in MSMC) can last hundreds of milliseconds, suggesting that voltagegated Na+ channels do not contribute to the depolarization phase of the MSMC action
potential. Studies discussed below have attempted to elucidate the role of the voltagegated Na+ channels on MSMC and their contribution to MSMCs APs. Initial
electrophysiological studies performed in rat myometrium concluded that the
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regenerative mechanisms in MSMC resulted from a single ion channel that conducted
both Na+ and Ca2+ ions (Kaplan, 2002). In these electrophysiological recordings,
substituting Na+ with either Tris or dimethyl di-ethanol ammonium chloride prevented
AP, whereas blocking Na+ channels with TTX did not affect the AP, suggesting that
the Na+ channels contributing to this action potential were not voltage-gated.
Furthermore, other studies in rat myometrium using a variety of methodologies have
come to similar conclusions: 1) Amedee et al. demonstrated that

Na + channels

present in myometrial intact strips, freshly isolated myometrial cells, and in early
passage MSMCs primary culture, were all TTX-insensitive (Amédée et al., 1986;
Jewell & Lingrel, 1991), 2) changes in cytosolic Ca2+ levels and uterine contractile
activity did not change in rat myometrial strips after adding TTX (Geering, 2008) and
3) TTX did not dampen the propagation of electrical activity (Esplin, Fausett, Faux, &
Graves, 2003; Geering, 2008). Finally, Yoshino et al. recorded Na+ currents in
pregnant rat MSMCs and measured a general increase in Na + compared to currents
measured from non-pregnant myometrium (Yoshino, Wang, & Kao, 1997). These
currents were significantly diminished in the uterus from postpartum animals (Floyd,
Mobasheri, & Wray, 2017). However, these measurements were based on Na+ current
characteristics alone, and currents were not measured after pharmacological inhibition
with TTX; thus, other Na+ conducting channels may have contributed to this current.
Overall, these functional studies, performed primarily in rat myometrial cells,
suggested that TTX-sensitive, voltage-gated Na+ channels did not contribute to action
potentials or excitability in MSMCs.
In contrast, other studies reporting TTX-sensitive, Na+ currents suggested that
voltage-gated Na+ channels may participate in the generation of action potentials and
regulation of rodent myometrial smooth muscle cells’ excitability (Blanco & Mercer,
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1998; Floyd, Wray, Quenby, Martin-Vasallo, & Mobasheri, 2010). More recently, it was
observed that the activation of voltage-gated Na+ channels increased the amplitude of
contractions by increasing intracellular Ca2+ (Chow & Forte, 1995).
Young et al. characterized a large, voltage-activated inward sodium current sensitive
to TTX in MSMCs from pregnant patients at term (Blanco & Mercer, 1998; Roger C.
Young & Herndon-Smith, 1991). Different authors have tried to identify the expression
of individual Na+ channel genes that may underlie this TTX-sensitive current. Several
candidates have been proposed, including Scn2a1, Scn3a, and Scn8a in mice and
human uterus; Scn7a was only detected in humans (Ausina et al., 1996; Jaisser,
Horisberger, & Rossier, 1992; Taylor, Paton, & Daniel, 1970). Nevertheless, studies
have not linked these genes to individual voltage-gated Na+ channel currents in human
or mouse myometrial cells.
Overall, the role of voltage-gated Na+ channels in MSMCs remains inconclusive. The
tools available to study myometrium have improved in past years, which will help
resolve the contradictions and provide more substantial evidence for the role of these
channels in the myometrium.
1.4.2. Sodium leak currents in MSMCs
Myometrial cells have a pacemaker current that slowly depolarizes the membrane
potential to a threshold and triggers the action potential. Leak currents contribute to
changes in cell excitability by modifying the resting Vm. The resting Vm of MSMCs
increases linearly from –75 mV at week 28 of pregnancy to –55 mV at week 39th, thus
reducing the electrical stimulus needed for the Vm to reach the threshold and
increasing myometrial excitability (Parkington et al., 1999a). However, the molecular
basis of this current remains elusive. Typically, the pacemaker potential in other
tissues that contract rhythmically, including gut cells, results from attenuating K+
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permeability in conjunction with maintenance of a slow inward Na+ movement that
depolarizes the membrane until it reaches threshold levels. Once the membrane
potential reaches the threshold, voltage-dependent Ca2+ channels open to induce the
depolarizing upstroke of the AP (Anderson, Ramon, & Snyder, 1971). Thus, Na+ may
not be responsible for AP depolarization but rather underlie the rate at which MSMCs’
AP fire by providing an initial depolarizing signal to trigger Ca 2+ entry and muscle
contraction (Casteels & Kuriyama, 1965). However, the Na+ conductance pathway and
how Na+ regulates contractile activity were not known until recently.
The role of Na+ as a critical ion in regulating leak current in MSMCs was demonstrated
by studies from Miyoshi et al., who measured a Na+-dependent, Gd3+-sensitive leak
current in rat MSMCs that was hypothesized to contribute to uterine excitability
(Amédée et al., 1986; Miyoshi, Yamaoka, Garfield, & Ohama, 2004). Inhibiting these
leak currents with magnesium, a known cation channel inhibitor, decreased the action
potential frequency (Amédée et al., 1986). However, the identity of this leak channel
remained unknown at that time. In 2007, Lu et al. showed that the background leak
current and rhythmic activity in neurons was partly due to Na+ Leak, Non-Selective
channel (NALCN), introducing the possibility that NALCN may play a similar role in
other excitable cells (Lu et al., 2007; Phillippe & Basa, 1997). Further work by our
group provided several lines of evidence about the importance of NALCN as a leak
current in MSMC (Miller, Garfield, & Daniel, 1989; Reinl, Cabeza, Gregory, Cahill, &
England, 2015; Reinl et al., 2018; Yoshino et al., 1997). First, human MSMCs express
NALCN channels, possess a Na+-dependent leak current, and NALCN shRNA
knocked down NALCN expression and reduced the leak current density (Miller et al.,
1989; Reinl et al., 2015). Second, smooth muscle NALCN knockout mice had
dysfunctional uterine firing patterns with shorter burst duration and reduced spikes per
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burst at day post conception 19 (Reinl et al., 2018; Yoshino et al., 1997). Third, these
mice had abnormal labor outcomes, including prolonged, delayed, and dysfunctional
labor. Thus, Reinl et al. concluded that NALCN contributes to uterine leak currents
and is important for parturition (Reinl et al., 2015; Reinl et al., 2018).
1.4.3. Role of Na+ in MSMCs signaling
The role of Na+ entry in MSMCs, whether by voltage-dependent or leak channels, is
still unknown. We recently suggested that the importance of Na+ influx resides on the
activation of a novel Na+-activated K+ channel (SLO2.1) in human MSMCs, which
modulates the resting Vm in pregnancy (Ferreira et al., 2021; Ferreira et al., 2019). K+
efflux through Slo2.1 leads to hyperpolarization, dampening of membrane
depolarization, and closing of voltage-dependent Ca2+ channels. Additionally, Slo2.1
is a high conductance, low voltage-dependent K+ channel that can highly contribute to
the K+ leak current of MSMC at rest. Thus, Slo2.1 is a strong candidate for regulating
the resting Vm, especially during the first two trimesters of pregnancy, when the
membrane potential must be kept negative to minimize excitability, avoid contractions
and allow the growth and maturation of the fetus. Because intracellular Na + activates
Slo2.1, this represents a potential mechanism by which Na + entry can act as a
signaling molecule to regulate MSMCs excitability.
1.4.4. Transient Receptor Potential Cation Channels in MSMCs.
Another family of channels present in the MSMC is the transient receptor potential
cation channels (TRPs). Significant members of this family are TrpC1, TrpC3, TrpC4,
and TrpC6, which are found in pregnant uterine tissue (Babich et al., 2004; Dalrymple,
Slater, Beech, Poston, & Tribe, 2002). TRPC channels depolarize the cell by primarily
conducting Ca2+, but they can also conduct Na+ (Babich et al., 2004; Dalrymple, Mahn,
Poston, Songu-Mize, & Tribe, 2007; Ku et al., 2006). Additionally, TRPCs are an
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intriguing class of channels due to their sensitivity to multiple signals relevant to uterine
function, notably mechanical stretch (Dalrymple et al., 2007). Stretch is also known to
stimulate uterine contraction at term; thus, TRPC channels may have an increased
expression and higher functional activity at this time of pregnancy, contributing to
uterine contraction (Csapo, Erdos, De Mattos, Gramss, & Moscowitz, 1965; Dalrymple
et al., 2007; Douglas, Clarke, & Goldspink, 1988). Studies have also suggested that
TRPCs work with store-operated calcium entry channels (SOCEs), contributing to the
myometrium's electromechanical coupling (Tribe, 2001; Tribe, Moriarty, & Poston,
2000). Some of these studies investigated the effect of Na + influx through TRPC on
the resting membrane potential of the cells. Chung et al. showed that the activation of
TRPC6 could increase intracellular Ca2+ and suggested that TRPC6 may conduct Na+
in myometrial cells (Chung et al., 2010). However, more studies are needed to
determine the role of Na+ currents through TRPC on myometrial contractility.
1.4.5. Na+ Leak Channel, Non-Selective (NALCN) and associated proteins
Studies performed in myometrium from rats found that replacing extracellular Na+
prevented the generation of action potentials, whereas only blocking Na + channels
with TTX had no effect (Anderson et al., 1971). These studies suggest that the Na+
channels that contribute to the modulation of cell excitability are neither voltage-gated
nor TTX-sensitive Na+ channels; thus, other channels need to be considered. One
crucial channel with such properties is the sodium leak, non-selective channel
(NALCN).
NALCN -originally called Vgcn11- was cloned in 1999 from the rat and showed
sequence and size similarities to both voltage-gated Ca2+ and Na+ channels (Cav and
Nav) (J.-H. Lee, Cribbs, & Perez-Reyes, 1999). NALCN has four homologous repeats
(domains I-IV) of six transmembranes (TM) spanning segments (S1-S6) and is part of
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the 4x6TM family (J.-H. Lee et al., 1999; Lu et al., 2007). Lee et al. and Lu et
al. determined that NALCN differs from other channels in the 4X6TM family in three
significant properties (J.-H. Lee et al., 1999; Lu et al., 2007). First, NALCN contains
fewer positively charged amino acids in S4, making them voltage-insensitive (J.-H.
Lee et al., 1999; Lu et al., 2007). Second, in NALCN channels, the four S5-S6 pore
loops that form the ion selectivity region have an EEKE motif with properties similar to
both Cav and Nav motifs, explaining why the channel conducts Na+, K+ Cs+, and Ca2+
(primarily Na+) (J.-H. Lee et al., 1999; Lu et al., 2007). Third, NALCN current is
resistant to TTX but sensitive to gadolinium (Gd3+) (J.-H. Lee et al., 1999; Lu et al.,
2007).
In many cell types, several proteins interact with or modulate NALCN: NCA
Localization Factor-1 (NLF-1), UNC-80, UNC79, SRC Family Kinase (SFK), and the
Ca2+ Sensing Regulator (CaSR). In mice neurons, NALCN, UNC-80, and UNC79 form
a complex. UNC80 helps with the stability of the channel in the cell membrane (H.
Wang & Ren, 2009). Conversely, CaSR negatively modulates NALCN current in
neurons (Lu et al., 2010; Philippart & Khaliq, 2018; Topalidou et al., 2017). Both
UNC79 and UNC80 were identified in human MSMCs, but their exact roles are not
entirely understood (Reinl et al., 2015). Overall, further investigation is needed to
identify the NALCN associated proteins and their role in the modulation of NALCN in
human MSMCs.
1.4.6 The role of NALCN in regulating resting Vm in neurons
Many excitable cells, including MSMCs, have a resting membrane potential primarily
established by the high permeability to K+, meaning that the resting Vm is closer to the
potassium's equilibrium potential, with a voltage range from -50 to -90 mV.
Nevertheless, there is always a significant contribution from other ions, like Na+, to the
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resting membrane potential. In neurons, it has been shown that due to its voltageinsensitivity and leak channel properties, NALCN is an excellent candidate to
contribute to the modulation of the resting Vm (Flourakis et al., 2015; Gao et al., 2015;
Lu et al., 2007). NALCN provides neurons with a sodium inward leak current that
competes with the effects of the outward K+ current in establishing the resting
membrane potential. Consistent with this hypothesis, Lu et al. showed that
hippocampal neurons of NALCN knockout mice have a more negative resting
membrane potential (more hyperpolarized), which reduces the spontaneous firing rate
by setting the resting membrane potential further from the threshold (Lu et al., 2007).
Flourakis et al. created forebrain-specific NALCN knockout mice and found a similar
phenotype (Flourakis et al., 2015). These studies identified NALCN as a significant
contributor to the resting Vm in neurons. These studies were critical as they laid the
foundation to investigate the role of NALCN on MSMCs’ resting Vm.
1.4.7 The role of NALCN in Human and Mouse MSMCs
It is generally accepted that a non-selective cationic leak current is an essential
contributor to both the resting Vm and action potentials of MSMCs. However, the
molecular identity of this channel was elusive until recently. (J.-H. Lee et al., 1999).
NALCN was characterized as a Na+-dependent non-selective leak channel that
contributed to the resting membrane potential in neurons and the pacemaking phase
of action potential in gastrointestinal cells (B. J. Kim et al., 2012; Lu et al., 2007). In
MSMCs from rats, Myoshi et al. recorded a Na+-dependent, lanthanum, and Gd3+
sensitive leak current and hypothesized that contributed to uterine excitability because
the APs frequency decreased when inhibited (Miyoshi et al., 2004). However, the
authors did not identify the channel responsible for carrying the current. Recently
England's laboratory investigated: 1) whether the myometrial leak current described
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by Myoshi et al. could be carried by NALCN and 2) the roles of NALCN in human and
mouse myometrial physiology (Miyoshi et al., 2004; Reinl et al., 2015; Reinl et al.,
2018).
England's lab showed that human MSMCs have a Na +-dependent leak current
inhibited with Gd3+ or when Na+ was replaced by NMDG (Reinl et al., 2015).
Additionally, they found that NALCN expressed at both the mRNA and protein levels
and proposed that NALCN contributes to this leak current because knockdown of
NALCN expression decreased the leak current (Reinl et al., 2015). Given these
results, the England group hypothesized that NALCN activity contributes to myometrial
excitability and successful parturition. Reinl et al. investigated this hypothesis and
observed that mice lacking NALCN had dysfunctional firing patterns in the uterus, with
shorter burst duration and fewer spikes per burst, which resulted in prolonged,
delayed, and dysfunctional labor (Reinl et al., 2018)—revealing that NALCN
contributes to myometrial leak currents and is essential for parturition.
Because of the importance of NALCN in MSMC excitability, it is not surprising that E2
and P4 regulate its expression (Esplin et al., 2003; Floyd et al., 2010; Kuriyama &
Suzuki, 1976; Soloff et al., 2011). Recently Dr. Amazu from England's lab published
an article showing the regulation of NALCN channels by these hormones during
pregnancy (Amazu et al., 2020).
1.4.8. Progesterone and estrogens regulating NALCN expression in human
MSMCs.
During the first two trimesters of pregnancy, the uterus remains quiescent to support
the fetus development, but at term, synchronous and forceful contractions are needed
to push the fetus through the birth canal. Some hormones are essential for this
transition -progesterone (P4), estrogen (E2), and Oxytocin (OT)-, and can regulate
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multiple ion channels expression and activity. This type of regulation of the channels
present in uterine smooth muscle might change during pregnancy determining
changes in resting Vm and excitability of the myometrial smooth muscle cells (Casteels
& Kuriyama, 1965; Kuriyama & Suzuki, 1976; Parkington & Coleman, 2001;
Parkington et al., 1999a). OT and its non-canonical effects on SLO2.1 channels and
the resting Vm were mentioned before and are described in more detail in chapter 2
(Ferreira et al., 2019).
Progesterone is known to repress the expression of several genes that increase
myometrial contractility during pregnancy. P4 functions through two primary receptors
(PR) isoforms, PRA and PRB. PRB, the full-length canonical form, predominates
throughout pregnancy and mediates myometrial quiescence (Kastner et al., 1990).
NALCN contributes to at least 50% of the Na+ leak current in MSMCs isolated from
non-laboring women at term (Reinl et al., 2015). Mice lacking NALCN have a
decreased electrical bursting activity in myometrial tissue, dysfunctional reproductive
outcomes, and smaller litter sizes (Reinl et al., 2015; Reinl et al., 2018).
Because NALCN contributes to the modulation of myometrial excitability and can
affect reproductive outcomes, it is not surprising that E2 and P4 regulate the
expression of these channels (Esplin et al., 2003; Floyd et al., 2010; Kuriyama &
Suzuki, 1976; Soloff et al., 2011). Soloff et al. reported data indicating that NALCN
was up-regulated in human MSMCs after exposure to P4 (Soloff et al., 2011).
Amazu and collaborators from England’s laboratory recently showed that E2 and P4
regulate NALCN expression and current activity in human MSMCs (Amazu et al.,
2020). The authors showed that NALCN mRNA and protein expression are
downregulated by E2 and up-regulated by P4 and that blocking ER or PR with
competitive antagonists blocked the effect of E2 and P4 (Amazu et al., 2020).
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Amazu also showed that mutation of the PRE sites in the NALCN promoter region
blocked the effects of P4, suggesting that P4 acts through its nuclear receptors.
However, mutations of the ERE site did not abolish the effect of E2, suggesting that
E2 and ERα work through another mechanism to modulate NALCN transcription. In
conclusion, NALCN expression is up-regulated by pro-quiescent hormone (P4) and
downregulated by a pro-contractile hormone (E2). Surprisingly this data is contrary to
the traditional concept that Na+ influx depolarizes the cell to enhance cell excitability.
Thus, NALCN channels may be promoting uterine quiescence through a nonconventional mechanism. We have shown that inward Na+ leak currents through
NALCN could modulate high conductance Na+-activated K+ channels -SLO2.1
channels-, making the resting Vm more negative, thus promoting quiescence (Ferreira
et al., 2021; Ferreira et al., 2019). In chapters 3 and 4 of this thesis, I present the novel
idea that NALCN and SLO2.1 channels act together in a functional complex that
regulates myometrial excitability and promotes uterine quiescence during the first two
trimesters of pregnancy.
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2.1. Abstract
During pregnancy, the uterus transitions from a quiescent state to a more excitable
contractile state. This is considered to be at least partly a result of changes in the
myometrial smooth muscle cell (MSMC) resting membrane potential. However, the ion
channels controlling the myometrial resting membrane potential and the mechanism
of transition to a more excitable state have not been fully clarified. In the present study,
we show that the sodium-activated, high-conductance, potassium leak channel,
SLO2.1, is expressed and active at the resting membrane potential in MSMCs.
Additionally, we report that SLO2.1 is inhibited by oxytocin binding to the oxytocin
receptor. Inhibition of SLO2.1 leads to membrane depolarization and activation of
voltage-dependent calcium channels, resulting in calcium influx. The results of the
present study reveal that oxytocin may modulate MSMC electrical activity by inhibiting
SLO2.1 potassium channels.

2.2. Introduction
At the end of pregnancy, the uterus transitions from a quiescent non-contractile state
to an active contractile state to expel the fetus. Uterine quiescence depends on
maintaining the human myometrial smooth muscle cell (hMSMC) resting membrane
potential (Vm) at a sufficiently negative voltage to prevent excessive calcium (Ca2+)
influx through voltage dependent Ca2+ channels (VDCCs). In hMSMCs, the membrane
potential is determined by a balance between a hyperpolarizing force generated by an
outward potassium (K+) leak current and opposing depolarizing forces generated, in
part, by an inward sodium (Na+) leak current, which is probably carried by Na+ leak
channel, non-selective (NALCN) (Reinl, Cabeza, Gregory, Cahill, & England, 2015).
Through most of pregnancy, the K+ leak current is dominant and maintains the cell at
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a sufficiently negative membrane potential to prevent premature uterine contraction.
At the end of pregnancy, the delicate balance of K + and Na+ leak currents must be
modified to allow depolarization and uterine contraction (Casteels & Kuriyama, 1965;
Parkington, Tonta, Brennecke, & Coleman, 1999). One important mechanism for
modifying this balance is hormonally-regulated inhibition of the K+ leak current, thus
permitting the Na+ leak current to gain prominence, depolarizing the resting Vm and
opening VDCCs. Such a K+ leak channel must be able to be open at the cell resting
Vm and to be closed by hormones present at the end of pregnancy. Although hMSMCs
have been reported to express several types of K+ channels, none have been identified
with the required properties (Anwer et al., 1993; Brainard, Korovkina, & England, 2007;
Coleman, Hart, Tonta, & Parkington, 2000; Knock, Smirnov, & Aaronson, 1999;
McCloskey et al., 2014). Another important regulator of the transition from uterine
quiescence to contractility is the peptide hormone oxytocin (OT). In the canonical
activation pathway, OT binds to the oxytocin receptor (OTR), which is a Gαq-proteincoupled receptor that signals through phospholipase C (PLC) (Arrowsmith & Wray,
2014; Arthur, Taggart, & Mitchell, 2007). Activation of PLC leads to an increase in
diacylglycerol (DAG) and inositol 3-phosphate (IP3), which activates the IP3 receptor
and causes Ca2+ release from intracellular stores. This increased intracellular Ca 2+
activates myosin light chain kinase to phosphorylate myosin, subsequently leading to
myometrial cell contraction (Aguilar & Mitchell, 2010; Wray, 2007). Additionally, it has
been proposed that OT induces membrane depolarization and Ca2+ influx through
VDCCs. However, the mechanism by which OTR activation causes depolarization is
unknown (Mironneau, 1976). In the present study, we present evidence that the K+
channel SLO2.1 is a key regulator of myometrial excitability and links membrane
potential and OT dependent depolarization. We show that SLO2.1 is expressed in
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hMSMCs, is open at resting Vm, and is inhibited by OT signalling through the Gαqprotein-coupled receptor pathway, resulting in membrane depolarization, VDCC
activation and Ca2+ influx. Given the increase in OTR activation at the end of
pregnancy in women (Cook, Zaragoza, Sung, & Olson, 2000; Kimura et al., 1996),
inhibition of SLO2.1 might be a key mechanism of regulating uterine contraction at this
stage.

2.3 Materials and Methods
2.3.1 Ethical approval
The present study conformed with the Declaration of Helsinki and was approved by
the Institutional Review Board at Washington University School of Medicine (approval
no. 201108143) except for registration in a database. All subjects signed written
consent forms approved by the Washington University in St Louis Internal Review
Board. Human myometrial tissue samples from the lower uterine segment were
obtained from non-laboring women at term (<37 weeks of gestation) during elective
Caesarean section under spinal anesthesia. The recruited subjects had a history of
repeat Caesarean sections with no spontaneous or induced labor. Samples were
stored in ice-cold PBS and processed for explants expansion and smooth muscle cell
isolation within 60 min of acquisition.
2.3.2 Cell culture
Briefly, myometrial tissue was washed in cold Dulbecco’s PBS containing 50 μg/ml
gentamicin and 5 μg/ml fungizone (Gibco-BRL, Gaithersburg, MD, USA). The tissue
was then cut into 2–3 mm pieces and cultured in Dulbecco’s modified Eagle’s
medium:nutrient mixture F-12 (DMEM:F12) supplemented with 5% fetal bovine serum
(FBS), 0.2% fibroblast growth factor-β, 0.1% epidermal growth factor, 0.05% insulin,
0.05% gentamicin and 0.05% fungizone. Once explant colonies formed, they were
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expanded. Primary hMSMCs and human telomerase reverse transcriptasetransformed human myometrial (hTERT-HM) cells (Condon et al., 2002) were
incubated at 37°C and 5% CO2 in DMEM:F12 medium with 10% FBS, 100 units/ml
penicillin and 100 μg/ml streptomycin. For all experiments, hMSMCs were used at
passage 1 or 2.
2.3.3 RNA isolation, reverse transcription and PCR
The Qiagen RNeasy Kit (catalogue no. 74124; Qiagen, Valencia, CA, USA) was used
to isolate total RNA from primary hMSMCs, uterine tissue obtained from pregnant and
non-pregnant patients, and hTERT-HM cells. cDNAs from these RNA preparations
and from total human brain RNA (Ambion catalogue no. AM7962; Thermo Fisher
Scientific Inc.,Waltham, MA, USA) were generated with Superscript III Reverse
Transcriptase (catalogue no. 18080-044; Invitrogen, Carlsbad, CA, USA) and random
hexanucleotide primers from Sigma-Aldrich (catalogue no. H0268-1UN; SigmaAldrich, St Louis, MO, USA). The PCR primers were designed with the help of Oligo 7
software from Molecular Biology Insights (Colorado Springs, CO, USA) and made by
Integrated DNA Technologies (Coralville, IA, USA). Human SLO2.1 PCR primers
(S4S:5_-ATGATCTACACAGAGCCATTCAGCGTACACAG-3_;

RCK1AS:5_-

GATGATGTCCTATCCACTTCACAACGGCTACT-3_) were designed to amplify a 640
bp

cDNA

amplicon

and

SLO2.2

CATGATTAATGACTTCCACCGTGCCATCCT-3_;

primers

(S4S:5_RCK1AS:5_-

GTCCACCTCGTTCCTGCTGCTGA-3_) were designed to amplify a 657 bp cDNA
amplicon. To reduce amplification of genomic DNA, both primer sets were designed
to amplify a region that spans four intron splice junctions and the S4S primer spanned
an intron splice junction. PCR was performed with the KAPA2G Fast HotStart PCR Kit
(KAPA Biosystems, Wilmington, MA, USA).
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2.2.4 Small interfering RNA
hTERT-HM cells and hMSMCs were transfected with scrambled small interfering
RNAs (siRNA) (control) or siRNA targeting SLO2.1. Briefly, each plate was transfected
with a combination of three 27-mer siRNAs from OriGene (catalogue no. SR317593;
Origene, Rockville, MD, USA) targeting the human SLO2.1 gene, KCNT2, at a final
concentration of 25 nM each, or with 75 nM scrambled siRNA. Lipofectamine 2000
transfection reagent (catalogue no. 11668-027; Invitrogen) was used in accordance
with the manufacturer’s instructions. As a marker for transfection, cells were also cotransfected with 10μg/ml of a vector encoding green fluorescent protein. Experiments
were performed 36–72 h after transfection.
2.2.5 Immunocytochemistry
Primary myometrial cells from pregnant non-laboring women were cultured in DMEM
with 10% FBS. Cells were fixed in 4% paraformaldehyde in PBS for 15 min at room
temperature, washed with PBS and 10 mM glycine, then stored at 4°C. Briefly, cells
were permeabilized with 0.2% saponin in Tris buffered saline (TBS) for 10 min,
incubated in blocking buffer (TBS with 2% FBS) for 1 hour, incubated with primary
antibodies diluted in blocking buffer for 1 hour at room temperature, washed for 30 min
in three or four changes of TBS, incubated with secondary antibodies diluted in
blocking buffer for 1 hour, washed, incubated with 1 μg/mL of 4,6-diamidino-2phenylindole (DAPI), and then mounted in Fluoro-shield (Sigma-Aldrich). The
antibodies used were: rabbit polyclonal anti-SLO2.1 (catalogue no. APC-126;
Alomone Labs, Jerusalem, Israel; dilution 1:1000), mouse monoclonal anti-SLO1
(catalogue no. 73-022; clone L6/60; NIH/NeuroMabs, Davis, CA, USA; dilution 1:50),
monoclonal anti-actin α-smooth muscle (catalogue no. A2547; Sigma-Aldrich) and
appropriate fluorophore-coupled secondary antibodies. Mounted cells were imaged
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with a 60×oil objective on an E800 microscope (Nikon, Tokyo, Japan) with a
CoolSnapEZ camera (Qimaging, Surrey, BC, Canada). Raw images were minimally
adjusted with ImageJ (NIH, Bethesda, MD, USA). To assess the specificity of SLO2.1
immunostaining, cells were stained without any primary antibody or with antibody that
was pre-incubated with SLO2.1 peptide antigen. All controls were processed with the
same parameters employed for the SLO2.1 antibody.
2.2.6 Electrophysiology
Cells were serum starved in plain DMEM for at least 2 hours before the patch clamp
experiments. Borosilicate glass pipettes (Warner Instruments, Hamden, CT, USA) with
0.8–1.8 megaohm resistance were used for inside-out macro-patch and whole-cell
recordings, and pipettes with 4-6 megaohm resistance were used for single-channel
recordings. Whole-cell recordings of hMSMCs and hTERT-HM cells were performed
in asymmetrical K+ solutions (unless specified) with the compositions (in mM): external
solution, 150 NaCl (replaced by 150 choline Cl, pH 7.4, in the Na-free or 0 Na+
solution), 5 KCl, 5 Hepes, 2 MgCl2; internal solution, 140 KCl, 5 Hepes, 0.5 MgCl2, 5
ATPMg (0.6 mM free Mg2+) and 10 EGTA (0 Ca2+ solution), or 1 EGTA and 100 nM
Ca2+ free (Ca2+-containing solution). Inside-out macro patch and single-channel patch
clamp recordings were performed in symmetrical K+ solutions. The internal solution
contained (in mM): 80, 140 or 160 KCl, 80 NaCl (or 80 choline Cl for the 0 Na+
condition) and 10 Hepes. The pipette solution comprised (in mM): 80, 140 or 160 KCl,
80 NaCl, 2 MgCl2 and 10 Hepes. The pH of all solutions was adjusted to 7.2. Any
alterations in solutions are indicated, as appropriate. Traces were acquired with
Axopatch 200B (Molecular Devices, Sunnyvale, CA, USA), digitized at 10 kHz for
whole-cell and macro-patches recordings and at 100 kHz for single-channel
recordings. Records were filtered at 2 kHz for macro currents (whole-cell and macro-
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patches) and at 20 kHz for single-channel recordings. Data were analysed with
pClamp, version 10.6 (Molecular Devices) and SigmaPlot, version 12 (Systat Software
Inc., Chicago, IL, USA). During electrophysiological experiments, cells and the
intracellular side of the membrane were continuously perfused.
2.2.7 Two-electrode voltage clamp experiments in Xenopus oocytes
Oocytes were harvested from female Xenopus laevis as described in Yuan et al. (Yuan
et al., 2000). Defolliculated oocytes were injected with 46 and 92 ng of cRNA with a
nano injector (Drummond Scientific, Broomall, PA, USA). Injected oocytes were kept
at 18°C in ND96 medium containing (in mM): 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2 and
5 Hepes, pH 7.5 (with NaOH). Two-electrode voltage clamp experiments were
performed 3-5 days after oocyte injection, as described previously (Wei, Solaro,
Lingle, & Salkoff, 1994). Whole-cell current recordings from Xenopus oocytes were
performed when the oocytes were being perfused with ND96 + 2 μM 4,4diisothiocyanatostilbene-2,2-disulphonic acid (catalogue no. D3514; Sigma-Aldrich) to
block endogenous chloride currents. All records were obtained with the voltage
protocols specified. Data were acquired with a Digidata 1440 (Molecular Devices).
Phorbol 12-myristate 13-acetate (PMA) (CAS number 16561-29-8; Sigma-Aldrich) or
OT (catalogue no. 1910; Tocris Bio-Techne Corporation, Minneapolis, MN, USA) were
applied to the recording chamber by continuous perfusion.
2.2.8 Statistical analysis
Statistical analysis was performed using Sigmaplot, version 12.0 (Systat Software
Inc.). An unpaired Student’s t test was used to determine significant differences
between independent samples tested. A paired t test was used to determine significant
differences in case control studies performed in the same individuals. Results are
expressed as the mean ± SD. P < 0.05 was considered statistically significant.
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2.3 Results
2.3.1 Human myometrial cells conduct a Na+-activated K+ current (KNa)
To determine the types of K+ currents present in hMSMCs, we performed whole-cell
patch clamp experiments in which we applied depolarizing voltage clamp steps to the
cells, revealing the presence of a time-dependent, non-inactivating outward K+ current
(Figure 2.1A, Control). Because we suspected that part of this current was conducted
by the large-conductance Ca2+-activated K+ channel SLO1 (BKCa, MaxiK), which is
expressed in hMSMCs (Brainard, Korovkina, & England, 2009; Raheela N. Khan,
Morrison, Smith, & Ashford, 1998; R. N. Khan, Smith, Morrison, & Ashford, 1993;
Lorca, Ma, & England, 2017; Lorca, Prabagaran, & England, 2014; Lorca, Stamnes,
et al., 2014; Lorca, Wakle-Prabagaran, Freeman, Pillai, & England, 2018; WaklePrabagaran et al., 2016), we treated the cells with the SLO1 blocker
tetraethylammonium (TEA) (5-10 mM). These experiments revealed two components
of the macroscopic current: a TEA-sensitive current and a TEA-resistant current
(Figure 2.1A).
Approximately 53% of the total whole-cell K+ current under these conditions was TEA
resistant. Consistent with the whole-cell recordings, single-channel analysis of insideout patch clamp recordings revealed the presence of two predominant types of highconductance K+ channels in hMSMCs. One was activated by 50 μM intracellular Ca2+
in the absence of Na+ and had a single channel conductance of 241pS. The other was
activated by 80 mM intracellular Na+ in the absence of Ca2+ and had a single channel
conductance of 78 pS (Figure 2.1B). The larger, Ca2+-activated conductance was
characteristic of the SLO1 current in hMSMCs. To further characterize the Na+-
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Figure 2.1. hMSMCs conduct a TEA-resistant and Na+-activated K+ current.
A, left, schematic of whole-cell recording set-up. Middle, representative whole-cell currents
(Vh = −70 mV, with step pulses from −80 to +150 mV) from hMSMC recorded in the
absence (control) and presence of 5 mM TEA in the external solution. The TEA-sensitive
component was obtained by subtracting traces (control − TEA resistant). Right: TEAresistant component of the current at different external TEA concentrations (n = 13 cells,
data plotted as the mean ± SD). The curve is fitted with an exponential decay function [f =
y0 + a∗exp(–b∗x)]. B, left: schematic of inside-out single-channel recording set-up. Middle:
representative single-channel recordings from a hMSMC under the indicated conditions.
Right: single channel current I–V plots for the (1) Ca2+-dependent (241 ± 9.9 pS, n = 4) and
(2) Na+-dependent (78 ± 6.3 pS, n = 5) channels. Data are plotted as the mean ± SD.

activated current, we examined the Na+ sensitivity of the TEA-resistant current in
inside-out macro patches in both the immortalized human myometrial cell line hTERTHM (Condon et al., 2002) and in hMSMCs. In both cell types, a substantial fraction of
the TEA-resistant outward K+ current was Na+-dependent (Figure 2.2A). Similarly, in
single-channel patch clamp experiments in both cell types, we measured little channel
activity at 0 mM Na+, whereas perfusing the bath with 80 mM Na+ (Figure 2.2B)
resulted in a four- to five-fold increase in K+ channel openings. The percentage of Na+sensitive K+ (KNa) current in macro-patches (Figure 2.2A) and the open probabilities
of these channels in single-channel recordings (Figure 2.2B) were similar at −60 and
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+80 mV, indicating that the KNa current was not voltage-dependent and that the
channels were open at the physiological Vm of hMSMCs (−70 mV) (Parkington et al.,
1999). Together, these results indicate that the KNa channel we measured could
contribute to the myometrial cresting membrane potential.

Figure 2.2. Na+-dependent K+ current in hTERT-HM cells and hMSMCs.
A, representative traces of Na+-dependent K+ currents obtained from inside-out macro
patches (schematic on left) of hTERT-HM cells and hMSMCs. Currents were recorded with
5-10 mM TEA in the pipette (extracellular) and in the presence and absence of intracellular
Na+. Currents were elicited with Vh = 0 mV and step pulses from −90 to +150 mV. The
graphs show the percentage of Na+-dependent current in hTERT-HM cells (50 ± 12.7%, n
= 5 and 64 ± 28.2%, n = 5 at −60 and +80 mV, respectively) and in hMSMCs (48 ± 13.9%,
n = 3 and 44 ± 30.5%, n ± 3 at −60 and +80 mV, respectively). B, representative singlechannel recordings (schematic on left) of Na+-dependent K+ currents recorded from
hTERT-HM cells and hMSMCs. Showing the ratios of the open probability of the channel
in 0 mM Na+ vs. 80 mM Na+ in hTERT-HM cells (24.6 ± 14.1%, n ± 3 and 17.8 ± 18.6%, n
± 10 at −60 and +80 mV, respectively) and in hMSMCs (21.3 ± 31%, n ± 3 and 31 ± 26.8%,
n ± 3 at −60 and +80 mV, respectively). *P < 0.05, **P < 0.001 comparing nPo at 0 mM
and 80 mM Na+. A paired t test was used to determine statistical significance.

The experiments shown in Figure 2.2 and previous studies reporting the properties of
KNa channels in inside-out patch clamp experiments (Budelli et al., 2009; Dryer, Fujii,
& Martin, 1989; Kaczmarek, 2013; Salkoff, Butler, Ferreira, Santi, & Wei, 2006; Santi
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Figure 2.3. Na+ influx activates Na+-dependent K+ channels in hTERT-HM cells and
hMSMCs. Whole-cell recordings (schematics on left) of K+ currents from hTERT-HM cells
(A) and hMSMCs (B) in the presence of 150 mM and 0 mM extracellular Na+. Whole-cell
currents were elicited at Vh ± −70 mV and step pulses from −90 to +150 mV. Na+dependent K+ currents were obtained by subtracting the current recorded in 0 mM Na+ from
the current recorded at 150 mM Na+. Showing the percentage of Na+-dependent K+ current
in hTERT-HM cells at −60 mV (43 ± 29%, n ± 7) and +80 mV (33 ± 17%, n ± 7) and in
hMSMCs at −60 mV (37 ± 21%, n ± 4) and +80 mV (31 ± 18%, n ± 6).

et al., 2006; A. Yuan, C. M. Santi, et al., 2003) indicate that KNa channels are activated
by Na+ interacting with the intracellular surface of the channel. However, whole-cell
patch clamp experiments in which the intracellular solution contained no Na +
demonstrated that influx of Na+ from the extracellular solution through channels that
carry a persistent inward sodium leak, can activate KNa channels (Budelli et al., 2009;
Hage & Salkoff, 2012). If KNa channel activation in myometrial cells depended on a
persistent Na+ leak influx, we expected to measure a decrease in K + currents when
we decreased the extracellular Na+ from 150 to 0 mM (with no Na+ in the intracellular
pipette solution) in whole-cell patch clamp experiments.
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Indeed, in both hTERT-HM cells and hMSMCs, the total K+ current was reduced
markedly when the external solution contained no Na+; the current in 0 mM external
Na+ was 40% of the current in 150 mM external Na+ (Figure 2.3). These results
indicate that the outward K+ current substantially depended on Na+ influx in both
hTERT-HM cells and hMSMCs.
2.3.2 SLO2.1 underlies the KNa currents in human myometrial cells
KNa currents with the properties that we have shown in the present study could be
carried by either SLO2.1 or SLO2.2 channels (Kaczmarek, 2013; Santi et al., 2006;
Alex Yuan et al., 2003). To distinguish between these alternative KNa channel types,

Figure 2.4. SLO2.1 expression in hTERT-HM and hMSMCs
A, representative RT-PCR of SLO2.1 in hMSMCs from pregnant (Aa) and non-pregnant
(Ac) women, human term pregnant uterine tissue (UT), and hTERT-HM cells (Ad). Negative
(no reverse transcriptase; RT) and positive (human brain cDNA and SLO2.1 cDNA)
controls are also shown (Ab and Ad). B, representative RT-PCR of SLO2.2 in hMSMCs
from pregnant women (Ba), non-pregnant women (Bb), and human term pregnant (Ba)
and non-pregnant (Bb) uterine tissue. Negative (no RT) and positive (human brain cDNA
and SLO2.2 cDNA) controls are also shown. C, immunolocalization of SLO2.1 (red) and
DAPI (blue) in hMSMCs. Scale bars = 10 μm.
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Figure 2.5. SLO2.1 channels carry the Na+-sensitive and the TEA-resistant K+ current
in hTERT-HM cells. A, representative whole-cell K+ currents (schematics on left) at 80
mM or 0 mM extracellular Na+ in hTERT-HM cells transfected with scrambled siRNA or
SLO2.1 siRNA. Whole-cell currents were elicited at Vh ± 0 mV and step pulses from −90
to +150 mV. Na+-dependent K+ currents were obtained by subtracting traces (80 mM − 0
mM Na+). Showing the Na+-dependent current as a percentage of the control in cells
transfected with scrambled siRNA (75 ± 31%, n ± 3) and cells transfected with SLO2.1
siRNA (−10 ± 21%, n ± 6). B, representative whole-cell K+ currents (schematics on left)
from hTERT-HM cells transfected with scrambled siRNA or SLO2.1 siRNA in the presence
or absence of 10 mM TEA in the external solution. TEA-sensitive currents were obtained
by subtracting traces (control − TEA resistant). Showing the TEA-resistant current as a
percentage of control in cells transfected with scrambled siRNA (52 ± 0.17%, n ± 8) and
cells transfected with SLO2.1 siRNA (18 ± 0.09%, n ± 17). **P ± 0.002, ***P < 0.001. An
unpaired t test was used to determine statistical significance.

we used RT-PCR to examine the expression of these channels in hMSMCs, hTERTHM cells and uterine tissue. RT-PCR performed with primers specific to SLO2.1
showed that SLO2.1 mRNA was expressed in human uterine tissue, hMSMCs isolated
from both pregnant and non-pregnant women (Figure 2.4 Aa to Ac) and hTERT-HM
cells (Figure 2.4Ad). By contrast, SLO2.2 was not detected in hMSMCs from pregnant
or non-pregnant women, although it was expressed in the uterine tissue (Figure 2.4
Ba and Bb).
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Consistent with the RT-PCR data, immunocytochemistry with a rabbit polyclonal
antibody against SLO2.1 showed that the SLO2.1 protein was expressed in hMSMCs
(Figure 2.4C). These cells also expressed SLO1 and beta-actin, which are expressed
in hMSMCs but not in fibroblasts (data not shown). Confirming that the SLO2.1
antibody effectively recognizes SLO2.1 channels, it was found that we could detect a
robust signal in Chinese hamster ovary cells transfected with SLO2.1 but not in nontransfected cells (data not shown). To determine whether the Na+-dependent current
and the TEA-resistant current were carried by SLO2.1 channels, we transfected
hTERT-HM cells with either scrambled siRNA or SLO2.1-targeted siRNAs and then
performed whole-cell patch clamp experiments in the presence or absence of
extracellular Na+.
In cells transfected with scrambled siRNA, the addition of 80 mM Na + increased the
K+ current as it did in non-transfected cells. However, the addition of extracellular Na+
did not increase the K+ current in cells transfected with SLO2.1 siRNAs (Figure 2.5A).
Similarly, TEA blocked 50% of the current in cells transfected with scrambled siRNA,
whereas TEA blocked 80% of the K+ current in cells transfected with SLO2.1 siRNA
(Figure 2.5B). Thus, we conclude that SLO2.1 is expressed in myometrial cells and
is required for the Na+-dependent and TEA-resistant K+ current in these cells.
2.3.3 Oxytocin inhibits SLO2.1 currents in hMSMCs
In neurons, SLO2.1 is inhibited by protein kinase C (PKC), which is activated by
binding of neuromodulators to Gαq-protein-coupled receptor (Chen et al., 2009;
Kaczmarek, 2013; Santi et al., 2006). Given that OT binds and activates the Gαqprotein-coupled receptor OTR, leading to PKC activation (Arrowsmith & Wray, 2014;
Arthur et al., 2007; Kimura et al., 1996), we considered whether OT inhibits SLO2.1
activity. We first tested this possibility in the Xenopus oocyte heterologous expression
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system.

Figure 2. 6. Oxytocin inhibits SLO2.1 but not SLO1.
A, whole-cell currents recorded from Xenopus oocytes co-injected with human SLO2.1 and
OTR cRNAs. Currents are shown before (control) and after the addition of 200 nM OT.
The OT-sensitive current was obtained by subtracting traces (control - OT). Showing the
percentage of SLO2.1 current that is sensitive to OT (78 ± 8.1%, n ± 3) or PMA (75 ±
15.4%, n ± 3) in oocytes expressing both SLO2.1 and OTR. B, whole-cell currents from
oocytes injected with only SLO2.1 cRNA, under control conditions and in the presence of
200 nM OT or 1 μM PMA. The OT- and PMA -sensitive currents were obtained by
subtracting traces. Showing the percentages of SLO2.1 currents that were sensitive to OT
(1 ± 14.5%, n ± 5) or PMA (72 ± 11.3%, n ± 5) in oocytes expressing only SLO2.1. C,
whole-cell currents from oocytes co-injected with SLO1 and OTR cRNAs. Currents were
recorded under control conditions and in the presence of 400 nM OT. The OT-sensitive
current was obtained by subtracting traces. Showing the percentage of SLO1 current that
was sensitive to OT (1.8 ± 17.5%, n ± 8) and PMA (8.8 ± 32.7%, n ± 4). In all cases, wholecell currents were elicited with Vh ± −80 mV and step pulses from −100 to +80 or +100 mV
and all data were collected at +80 mV. ***P < 0.001. An unpaired t test was used to
determine statistical significance.

We expressed SLO2.1 alone or co-expressed SLO2.1 and OTR and then measured
whole-cell currents under voltage clamp before and after applying 200 nM OT.
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Application of OT substantially reduced SLO2.1 whole-cell currents in oocytes
expressing OTR and SLO2.1 (Figure 2.6A) but not in oocytes expressing only SLO2.1
(Figure 2.6B). Additionally, we bypassed the Gαq-protein-coupled receptor signalling

Figure 2.7. OT inhibits TEA-resistant K+ currents in hMSMCs and hTERT-HM cells. A,
representative single-channel SLO2.1 recordings obtained from hMSMCs in the cellattached configuration (schematic on left) under control conditions and in the presence of
200 nM OT in the external solution. Recordings were obtained at −60 mV. B, representative
whole-cell (schematic at left) recordings of the TEA-resistant K+ currents in hTERT cells (5
mM TEA in extracellular solution) under control conditions, after the application of 200 nM
OT, wash, and after application of 1 μM PMA. The OT- and PMA- sensitive currents were
obtained by subtracting traces. Showing the percentage of currents sensitive to OT (90 ±
5.2%, n ± 4) and PMA (87 ± 2.7%, n ± 3) at +80 mV. In all cases, whole-cell currents were
elicited at Vh ± −70 mV and step pulses from −90 to +150 mV.
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cascade by adding the PKC activator PMA and found that it reduced SLO2.1 currents
in oocytes expressing only SLO2.1 (Figure 2.6B).
Finally, we determined that OT had no effect on currents in Xenopus oocytes coexpressing SLO1 and OTR (Figure 2.6C). We conclude that the effect of OT on
SLO2.1 was specific. To explore the effect of OT on SLO2.1 in myometrial cells, we
first measured single-channel currents in the cell-attached configuration in hMSMCs
in the presence and absence of OT. In the presence of TEA (to inhibit SLO1 channels),
single channels were inhibited by 200 nM OT (Figure 2.7A). We then undertook
similar experiments in the whole-cell configuration in hTERT-HM cells (Figure 2.7B).
These experiments showed that K+ channel activity was inhibited by treatment with

Figure 2.8. SLO2.1 channels conduct the OT-sensitive current in hTERT-HM cells.
Representative whole-cell currents (schematic at left) from hTERT-HM cells transfected
with scrambled siRNA (A) or SLO2.1 siRNA (B). Currents were recorded in control
conditions and after addition of 200 nM OT to the bath solution. The OT-sensitive current
was obtained by subtracting traces. In both panels, whole-cell currents were elicited with
Vh= 0 mV and step pulses from -90 to +150 mV. (C) Graph shows the percentage of OTsensitive currents at +80 mV in cells transfected with scrambled siRNA (2812.4%, n=4)
and SLO2.1 siRNA (-11.518.7%, n=5). **P =0.009. Unpaired t-test was used to determine
statistical difference.
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Figure 2.9. SLO2.1 inhibition with PMA induces an increase in intracellular Ca2+ in
hMSMCs. A, representative fluorescence traces (Aa to Ac) and images (Ad) from 10 μM
Fluo-4 AM-loaded hMSMCs in response to membrane depolarization with 80 mM external
KCl under different conditions: (Aa) 2 mM external Ca2+ (control), (Ab) 0 mM external Ca2+
and (Ac) 1 μM verapamil. 5 μM Ca2+ ionophore ionomycin (+2 mM Ca2+ if necessary) was
added at the end of each trace as a positive control. Percentage of cells with traces similar
to the representative examples and number of cells recorded are indicated. All values were
normalized to the fluorescence in 5 μM ionomycin and 2 mM extracellular Ca2+. B,
representative fluorescence traces (Ba to Bd) and images (Be) from 10 μM Fluo-4 AMloaded hMSMCs in response to 500 nM PMA under different conditions: (Ba) 2 mM Ca2+
external solution (control), (Bb) 0 mM external Ca2+, (Bc) 1 μM Ca2+ channel blocker
verapamil and (Bd) cell treated with SLO2.1 siRNA. 5 μM Ca2+ ionophore ionomycin (+2
mM Ca2+ if necessary) was added at the end of each trace as a positive control. Percentage
of cells with traces similar to the representative examples and number of cells recorded are
indicated. All values were normalized to the fluorescence in 5 μM ionomycin and 2 mM
extracellular Ca2+.
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both OT and PMA. To confirm that OT-sensitive current was carried by SLO2.1
channels, we transfected hTERT-HM cells with either scrambled siRNA or SLO2.1
siRNA. OT reduced the K+ current in cells transfected with scrambled siRNA (Figure
2.8A), whereas it had almost no effect on K+ current in cells transfected with SLO2.1
siRNA (Figure 2.8B). Together, these experiments strongly support the hypothesis
that OT inhibits SLO2.1 in the tested cell types.
2.3.4 OT signalling reduces SLO2.1-dependent Ca2+ influx through voltagedependent Ca2+ channels.
Previous work (Arthur et al., 2007; Mironneau, 1976; Parkington et al., 1999) has
suggested that, in addition to triggering Ca2+ release from intracellular stores, OT can
trigger Ca2+ entry through VDCCs by causing membrane depolarization. Given that
SLO2.1 activity hyperpolarizes the membrane and OT inhibits SLO2.1, we considered
whether OT depolarized the membrane by inhibiting SLO2.1. To test this model, we
used the Ca2+ indicator Fluo4-AM to measure intracellular Ca2+ in hMSMCs. First, to
confirm that membrane depolarization activates VDCCs to allow Ca2+ influx in these
cells, we directly depolarized the cells with 80 mM KCl. This treatment caused an
increase in intracellular Ca2+ (Figure 2.9Aa) that did not occur in the absence of
external Ca2+ or in the presence of the VDCC blocker verapamil (Figure 2.9 Ab and
Ac). Next, we treated hMSMCs with PMA and observed an increase in intracellular
Ca2+ (Figure 2.9Ba). This PKC-induced increase in intracellular Ca2+ was not
observed in the absence of external Ca2+, indicating that it was a result of Ca2+ entry
(Figure 2.9Bb). In addition, 1μM verapamil prevented an increase in intracellular Ca2+,
indicating that Ca2+ influx was through VDCCs (Figure 2.9Ac). Finally, to confirm that
the Ca2+ entry induced by PMA was the result of inhibition of SLO2.1 and did not occur
via another pathway, we examined the effect of PMA in cells transfected with
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scrambled siRNA or siRNA directed against SLO2.1. It was found that 67% of nontransfected (Figure 2.9Ba) and 58% of cells transfected with scrambled siRNA
showed an increase in intracellular Ca2+ upon PMA treatment, whereas only 14% of
cells transfected with SLO2.1 siRNA showed this Ca2+ increase (Figure 2.9Bd).

Figure 2.10. Proposed model
During the hMSMC resting state, the K+ leak current is dominant and maintains the cell
sufficiently negative so the voltage-dependent Ca2+ channels (VDCC) are closed and
uterine contraction does not occur. Our data suggest that a Na+-activated K+ current,
carried by SLO2.1 channels, contributes a substantial percentage of the outward current
at negative voltages and is therefore a major contributor to the K+ leak currents in MSMCs
at rest. In the active state, OT binds OTR, activating phospholipase C beta (PLCβ), which
in turn hydrolyzes phosphatidyl inositol 4,5-bisphosphate (PIP2) to diacylglycerol (DAG)
and inositol trisphosphate (IP3). DAG activates protein kinase C (PKC), which inhibits
SLO2.1. Closing of SLO2.1 channels depolarizes the membrane, thus opening VDCCs,
allowing Ca2+ influx to increase intracellular Ca2+ and activate myosin to cause muscle
contraction.

2.4 Discussion
Taken together, our experiments support the working model shown in Figure 2.10, in
which we propose that OT could contribute to an increase in myometrial excitability,
by depolarizing hMSMCs and increasing intracellular Ca2+, through inhibition of
SLO2.1 channels. We propose that, throughout most of pregnancy, and in the
presence of low levels of OT, SLO2.1 conducts an outward K + current that opposes
the inward Na+ current through the NALCN present in these cell types (Reinl et al.,
2015). Together, the balanced activity of these inward and outward leak currents
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maintains the Vm at a more positive voltage than the negative equilibrium potential of
K+. By counteracting the outward Na+ current, SLO2.1 current ensures that the
membrane potential remains sufficiently hyperpolarized to prevent Ca2+ entry through
VDCCs, thus helping to maintain myometrial quiescence. At the end of pregnancy,
when OT levels are elevated, OT binds to the Gαq-protein-coupled receptor OTR,
activating PKC and thus inhibiting SLO2.1. As a result of the reduced outward K +
current, the membrane becomes depolarized; VDCCs become active, Ca2+ influx
occurs, actin-myosin cross-bridging begins, and this mechanism could potentially
contribute to myometrial cell contraction.
To our knowledge, this is the first observation and characterization of a Na +-activated
K+ channel in hMSMCs. High-conductance K+ channels activated by Na+ (KNa
channels) were originally observed in inside-out membrane patches pulled from
guinea pig cardiomyocytes (Kameyama et al., 1984). KNa channels may have been
previously overlooked in myometrium because of their resemblance to high
conductance SLO1 (BK) channels, which have been well characterized in MSMCs but
are not considered to contribute to the cell Vm, becoming active only after an
intracellular rise in Ca2+. KNa channels are also high conductance K+ channels but are
insensitive to Ca2+ and, instead, appeared to require high concentrations of
intracellular Na+ to be active (Bhattacharjee et al., 2003; Hite & MacKinnon, 2017;
Kaczmarek, 2013; Kameyama et al., 1984; Thomson, Hansen, & Sanguinetti, 2015;
Alex Yuan et al., 2003). Because of the high intracellular Na+ needed to activate KNa
channels in excised patches, it was originally assumed that KNa channels were
principally active under ischemic and other low oxygen conditions. Under such
conditions, KNa channels could counter toxicity in cardiomyocytes when an increase in
intracellular Na+ concentration resulted from inhibition of the Na+/K+-ATPase (Luk &
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Carmeliet, 1990). However, Budelli et al. found that KNa channels are commonly active
and prominent under normal physiological conditions (Budelli et al., 2009). Because
of their low voltage sensitivity, KNa channels are active over a wide voltage range.
Indeed, these channels are active even at very low intracellular Na + concentrations,
and Na+ influx can activate current through these channels in the absence of
intracellular Na+. In some instances, KNa channels may become transiently active in
neurons in response to an intracellular build-up of Na+ during periods of intense
electrical activity. In neurons (Budelli et al., 2009; Hage & Salkoff, 2012) (and, as
reported in the present study, in myometrial cells), as long as there is a small but
steady Na+ leak current into cells, the KNa current is active to some extent. Hence, in
both neurons and myometrial cells, KNa current can be observed as a non-inactivating
delayed outward current similar to the Hodgkin-Huxley ‘delayed rectifier’ current (Santi
et al., 2006; Yuan et al., 2000; A. Yuan, C. Santi, et al., 2003), although with lower
voltage sensitivity.
KNa currents are carried by two members of the SLO K + channel family: SLO2.1 and
SLO2.2 (also known a Slick and Slack, respectively) (Kaczmarek, 2013; Alex Yuan et
al., 2003). We found that SLO2.1 but not SLO2.2 is present in both hTERT-HM cells
and hMSMCs. Because SLO2.1 has low voltage dependence and can be activated by
Na+ leak currents, and thus can be significantly active at physiological intracellular Na+
concentration (Budelli et al., 2009; Hage & Salkoff, 2012), this channel probably
contributes to setting the hMSMC resting membrane potential. As a result of their high
conductance, SLO2.1 channels could be pivotal even at a relatively low open channel
probability. The inter-relatedness of the Na+ leak and KNa current suggests that the
control of cell Vm and cell excitability can be regulated by modulating either the inward
Na+ or the counterbalancing outward K+ current. Although NALCN is a good candidate
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to carry the Na+ leak current that activates SLO2.1, other sources of Na + entry into
MSMCs cannot be ruled out.
Lastly, our results shed light on conflicting data regarding the contribution of VDCC
activity to oxytocin stimulation in myometrial cells (Arnaudeau, Lepretre, & Mironneau,
1994; Inoue, Shimamura, & Sperelakis, 1992). We show here that PKC causes
calcium entry by possibly activating VDCC indirectly through inhibition of SLO2.1
channels and membrane depolarization (Figure 2.10).
In summary, we demonstrate the presence of a KNa current in hMSMCs and provide
data suggesting that this current is carried by SLO2.1 channels. Because of their
biophysical properties, SLO2.1 channels appear to be important determinants of
hMSMC resting membrane potential. In addition, SLO2.1 inhibition by PKC activation
caused membrane depolarization, activation of VDCC and an increase in intracellular
Ca2+. We propose that this could be a mechanism for oxytocin to trigger membrane
depolarization and contribute to contraction at the end of pregnancy when the OTR
expression increases in the MSMC. The finding that SLO2.1 channel activity is
regulated by OT maybe an important step towards understanding the molecular basis
of uterine excitability and could lead to the development of effective approaches for
enhancing or inhibiting uterine quiescence to regulate timing of parturition. This
mechanism of action could be relevant in other cells that express SLO2.1 and OTR,
such as neurons.
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2.7 Supplementary Information.

Supplemental figure 2.1. Confirmation that isolated cells
are hMSMCs. Immunolocalization of smooth muscle beta
actin (SMA) (A) or SLO1 (B) (green) and DAPI (blue) in
hMSMCs from pregnant non-laboring women. Scale bars, 10
µm.

Supplemental figure 2.2. Confirmation of SLO2.1 antibody
specificity. A. Expression of SLO2.1 (red) and GFP (green)
in CHO cells 24–72 hours after co-transfection. Only the GFP
positive cells express a protein detected by the SLO2.1
antibody. B. No SLO2.1 signal is seen in the absence of
SLO2.1 primary antibody.
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Supplemental figure 2.3. hMSMCs conduct OT-sensitive currents. Left, schematic
of whole cell recording set-up. Middle, representative whole-cell currents (Vh= -70 mV,
with step pulses from -90 to +150 mV) from a hMSMC recorded in control conditions,
after treatment with to 200 nM oxytocin, wash, and 1 µM PMA. All recordings were done
in the absence of TEA in the external solution and in asymmetrical K + solutions. OT- and
PMA- sensitive currents were obtained by subtracting traces (control -200 nM OT and
wash PMA, respectively). Right, graph shows the percentage of OT-sensitive (24+/7.8%, n=6) and PMA-sensitive (40+/-7.9%, n=4) whole-cell currents measured at +80
mV.
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3.1 Abstract.
Depolarization of the myometrial smooth muscle cell (MSMC) resting membrane
potential is necessary for the uterus to transition from a quiescent state to a contractile
state. The molecular mechanisms involved in this transition are not completely
understood. Here, we report that a coupled system between the Na +-activated K+
channel (SLO2.1) and the non-selective Na+ leak channel (NALCN) determines the
MSMC membrane potential. Our data indicate that Na+ entering through NALCN acts
as an intracellular signaling molecule that activates SLO2.1. Potassium efflux through
SLO2.1 hyperpolarizes the membrane. A decrease in NALCN/SLO2.1 activity induces
membrane depolarization, triggering Ca2+ entry through voltage-dependent Ca2+
channels and promoting contraction. Consistent with functional coupling, our data
show that NALCN and SLO2.1 are in close proximity in human MSMCs. We propose
that these arrangement of SLO2.1 and NALCN permits these channels to functionally
regulate MSMC membrane potential and cell excitability and modulate uterine
contractility.

3.2 Introduction.
As pregnancy progresses, the uterus transitions from a quiescent state to a highly
contractile state at labor. This transition is, in part, driven by changes in the electrical
activity of the myometrial smooth muscle cells (MSMCs). At the end of the second
trimester, MSMCs have a resting membrane potential of -75 mV, and the membrane
potential depolarizes to -50 mV by the time of labor (Parkington, Tonta, Brennecke, &
Coleman, 1999). This change of membrane potential is coupled with an increase in
the frequency of uterine contractions (Casteels & Kuriyama, 1965; Parkington et al.,
1999). The membrane potential is determined primarily by the balance between an
outward potassium (K+) leak current and an inward sodium (Na+) leak current across
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the plasma membrane. If K+ efflux increases, the membrane potential becomes more
negative, promoting quiescence. Conversely, it has long been thought that increased
Na+ in flux causes the membrane potential to depolarize, promoting a more excitable
and contractile uterine state due to the opening of voltage-gated Ca2+ channels.
However, the mechanisms by which Na+ influx and K+ efflux are coordinated have not
been fully defined.
We previously reported that SLO2.1, a member of the SLO2 family of Na+-activated
K+ channels, is expressed in human MSMCs (Dryer, 2003; Ferreira et al., 2019; Hage
& Salkoff, 2012; Yuan et al., 2003).This channel has low voltage dependence and high
conductance and can be significantly active at physiological intracellular Na +
concentration (Budelli et al., 2009; Ferreira et al., 2019; Hage & Salkoff, 2012).
Moreover, siRNA-mediated knockdown of SLO2.1 in immortalized human myometrial
cells completely abolished Na+-activated K+ efflux (Ferreira et al., 2019), indicating that
SLO2.1 modulates MSMC membrane potential and cell excitability by regulating K +
efflux. SLO2 channels are also highly expressed in other smooth muscle cells and the
brain (Dryer, 2003; Kameyama et al., 1984; P. Li et al., 2019; Smith et al., 2018), where
they form complexes with voltage-gated Na+ channels (Hage & Salkoff, 2012;
Takahashi & Yoshino, 2015). In these complexes, the Na+ conducted through Na+
channels modulate K+ currents and their effect on membrane potential. Whether
SLO2.1 forms a functional complex with a voltage-gated Na+ channel in human
MSMCs to modulate membrane potential and cell excitability is unknown. However,
the voltage-independent Na+ leak channel non-selective (NALCN) is expressed in
human MSMCs, where it conducts about 50% of the Na+ leak current at the membrane
potential (Reinl, Cabeza, Gregory, Cahill, & England, 2015). Thus, NALCN could be
the channel that allows influx of Na+ to modulate SLO2.1 and thereby helps regulate
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membrane potential in MSMCs. Here, we provide evidence that SLO2.1 and NALCN
forma functional complex that can regulate human MSMC membrane potential,
excitability, and uterine contractility.

3.3 Methods
3.3.1 Ethical approval and acquisition of human samples
This study was approved by the Washington University in St. Louis Institutional Review
Board (protocol no. 201108143) and conformed to the Declaration of Helsinki except
for registration in a database. We obtained signed written consent from each patient.
Human tissue samples (0.1-1.0 cm2) from the lower uterine segment were obtained
from non-laboring women at term (37 weeks of gestation) during elective Cesarean
section under spinal anesthesia. Samples were stored at 4°C in phosphate-buffered
saline (PBS) and processed for MSMC isolation within 60 min of acquisition.
3.3.2 Cell culture
Primary human MSMCs were isolated and cultured as previously described (Y. Li,
Lorca, Ma, Rhodes, & England, 2014). Briefly, tissue was treated with PBS containing
50μg/mL gentamicin and 5μg/ml fungizone, then cut into 2 to 3 mm pieces and cultured
in DMEM:F12 medium with 5% Fetal Bovine Serum (FBS), 0.2% fibroblast growth
factor-β, 0.1% epidermal growth factor, 0.05% insulin, 0.05% gentamicin, and 0.05%
fungizone. Colonies were amplified to form primary cell cultures. Primary MSMCs and
human telomerase reverse transcriptase-immortalized myometrial cells (hTERT-HM)
were incubated at 37°C and 5% CO2 in phenol–red-free DMEM:F12 medium with 10%
FBS, 100 units/ml penicillin, and 100 µg/ml streptomycin or 25 μg/mL gentamicin
(Sigma, St. Louis, MO)(Condon et al., 2002). Primary MSMCs were used within two
passages, and hTERT-HM cells were used in passages lower than 15.
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3.3.3 Electrophysiology
Cells were starved in serum-free DMEM:F12 for at least 2 hours before experiments.
For all experiments, pipettes were pulled from borosilicate glass from Warner
Instruments. For whole-cell recording, pipettes with a resistance of 0.8 to 1.8
megaohms and symmetrical K+ were used. External solution was (in mM): 160 KCl, 80
NaCl, 2 MgCl2, 10 HEPES, and 5 TEA, pH adjusted to 7.4 with NaOH. For the 0 mM
Na+ solution, Na+ was replaced with 80 mM CholineCl, and pH was adjusted with KOH;
the concentration of external K+ varied from 4.5 to 5.5 mM. The pipettes were filled
with (in mM): 160 KCl, 80 cholineCl or 80 NaCl, 10 HEPES, 0.6 free Mg 2+, and either
0 or 100 nM free Ca2+ solutions with 1 mM EGTA. Variations in the solutions are
indicated in the figures. During electrophysiological experiments, the cells and the
intracellular side of the membrane were perfuse continuously. NALCN inhibitor used
for experiments in Figure 3.1, CP96345 (CP) was obtained from TOCRIS Bioscience,
Bristol, UK, Cat # 2893. Traces were acquired with an Axopatch 200B (Molecular
Devices), digitized at 10 kHz for whole-cell or macro-patch recordings or at 100 kHz
for single-channel recordings. Recordings were filtered at 2 kHz, and pClamp 10.6
(Molecular Devices) and SigmaPlot 12 (Jandel Scientific) were used to analyze the
data.
3.3.4 Determination of membrane potential by flow cytometry
hTERT-HM cells were centrifuged at 1000 rpm for 5 min. Cells were resuspended in
modified Ringers solution containing (in mM): 80 Choline Cl, 10 HEPES, 5 Glucose, 5
KCl, and 2 CaCl2; pH 7.4). Before recording, 0.02 mg/mL Hoechst and 150 nM
DiSC3(5) were added to 500 µL of cell suspension, and data were recorded as
individual cellular events on a FACSCanto II TM cytometer (BD Biosciences, Franklin
Lakes, NJ). Side scatter area (SSC-A) and forward scatter area (FSC-A) fluorescence
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data were collected from 100,000 events per recording. Threshold levels for FSC-A
and SSC-A were set to exclude signals from cellular debris (Supp. Figure 3.1A).
Doublets, aggregates, and cell debris were excluded from the analysis based on a
dual parameter dot plot in which pulse signal (signal high; SSC-H; y-axis) versus signal
area (SSC-A; x-axis) was displayed (Supp. Figure 3.1B). Living Hoechst-negative
cells were selected by using the filter Pacific Blue; (450/50), and DiSC3(5)-positive
cells were detected with the filter for allophycocyanine APC; (660/20) (Supp. Figure
3.1C). To measure the effect of Na+ on membrane potential, 80 mM NaCl, Choline
chloride, or Lithium (Li+) was added to the 500 μL suspensions. In some cases, as
indicated in the figures, 10 μM gadolinium (Gd3+), a concentration known to inhibit
NALCN current (Lu et al., 2007), 500 nM GsMTx4 (a peptide inhibitor of TRPC1 and
TRPC6 isolated from Grammostolaspatulata spider venom), and 1μM Pyr3 (pyrazole;
blocks TRPC3 inhibitor) were added to the cell suspension (Bowman, Gottlieb,
Suchyna, Murphy, & Sachs, 2007; Kiyonaka et al., 2009; Lu et al., 2007). Valinomycin
hyperpolarizes the cell according to the equilibrium potential for K +. Normalization was
performed according to (FRef-FIono)/(FValino-FIono), being FRef median of the fluorescence
of the population in the basal condition, FIono after the addition of the cation, and FValino
after addition of Valinomycin. Normalization was performed by adding 1 µM
valinomycin (Sigma, St. Louis, MO). FlowJo 10.6.1 software was used to analyze data,
reported as median values.
3.3.5 Calcium imaging
Cells were grown on glass coverslips with the media described above for MSMCs.
Cells were pre-incubated with 2 μM Fluo-4 AM and 0.05-0.1% Pluronic Acid F-127 in
Opti-Mem for 60-90 min. To allow the dye to equilibrate in the cells, the cells were
removed from the loading solutions and placed in Ringer solution for 10 to 20 minutes.
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The various solutions were applied with a perfusion system with an estimated
exchange time of 1.5 s. Recordings started 2-5 min before the addition of the first test
solution. Ionomycin (5 μM) was added at the end of the recordings as a control
stimulus. Calcium (Ca2+) signals were recorded with a Leica AF 6000LX system with
a Leica DMi8000 inverted microscope and an Andor-Zyla-VCS04494 camera. A
halogen lamp was used with a 488 +/- 20 nm excitation filter and a 530 +/- 20 nm
emission filter. A 40X (HC PL FluoTar L 40X/0.70 Dry) or a 20X (N-Plan L 20X/0.35
Dry) air objective were used. Leica LasX2.0.014332 software was used to collect data
and control the system. Acquisition parameters were: 120 ms exposure time, 2x2
binning, 512 x 512 pixels resolution, and a voxel size of 1.3 μm for the 20X objective.
Whole images were collected very 10 seconds. LAS X, ImageJ, Clampfit 10 (Molecular
Devices), and SigmaPlot 12 were used to analyze data. Changes in intracellular Ca2+
concentration are presented as (F/FIono) after background subtraction. All imaging
experiments were done at room temperature. Cells were counted as responsive if they
had changes in fluorescence of at least 5-10% of ionomycin responses.
3.3.6 Isometric tension recording
Human myometrial tissues (0.1-1.0 cm2) from four non-laboring women at term were
isolated and cut into strips (10 x 2 mm) and immediately placed in 4°C Krebs solution
containing (in mM): 133 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 10 TES, 1.2 CaCl2,
and 11.1 glucose, pH 7.4. Strips were mounted to a force transducer in organ baths
filled with oxygenated (95% O2, 5% CO2) Krebs solution at 35.7°C, and tension was
recorded with a muscle strip myograph data acquisition system (DMT, Ann Arbor, MI).
Basal tension (2 g) was applied to the tissue strips, and strips were equilibrated for 1
hr until spontaneous myometrial contractility appeared. When four stable regular
contractile waveforms were observed, Krebs solution was changed to modified Krebs
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solution containing (in mM): 33.25 NaCl, 99.75 CholineCl, 4.7 KCl, 1.2 MgSO 4, 1.2
KH2PO4, 10 TES, 1.2 CaCl2, and 11.1 glucose, pH 7.4. Tension was recorded for 30
min. Traces obtainedin the last 10 minutes before and after adding modified Krebs
solution were compared by using LabChart 8 (ADInstruments, Colorado Springs,
CO).Basal tension and area under the curve (AUC) of phasic contractions of the
myometrial strips werecalculated in both solutions.
3.3.7 In Situ proximity ligation assay
The hTERT-HM cells were cultured in 8-well chambered slides (LabTek/Sigma, St.
Louis, MO), serum-deprived in 0.5% FBS for 24 h, washed in ice-cold 1X PBS, and
then fixed in 4% (wt/vol) paraformaldehyde (PFA) in PBS for 20 min at room
temperature with gentle rocking. After 4 x 5-min washes in 1X PBS, cells were
permeabilized with 0.1% NP-40 for 5 min at room temperature, washed twice with
PBS, and washed once in 100 mM Glycine in PBS to quench remaining PFA. The
slides were rinsed in milliQ water to remove residual salts. Duolink in situ proximity
ligation assay (Sigma, St. Louis, MO) labeling was performed with the following
antibodies: NALCN (mouse monoclonal, 1:100, StressMarq), SLO2.1 (rabbit
polyclonal, 1:200, Alomone), and SLO1 (BD Biosceiences 611249). The
manufacturer’s protocol was followed completely except that cells were stained with
NucBlue Fixed Cell Stain Ready Probes (Invitrogen, Carlsbad, CA) for 5 min at room
temperature before the final wash in wash buffer B.The slides were dried at room
temperature in the dark, mounted in Vectashield (Vector Laboratories, Burlingame,
CA), and stored in the dark at -20 °C until analysis. Images were collected with a
fluorescent Leica AF 6000LX system (Buffalo Grove, IL, USA) with a Leica DMi8000
inverted microscope and an Andor-Zyla-VCS04494 camera with excitation
wavelengths of 488 nm for PLA signals and 340 nm for NucBlue. A63X objective (HC
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PL FluoTar L 63X/0.70 Dry) was used to obtain the images. Leica LasX software was
used to control the system and collect data. Acquisition parameters were: 2 and 1.5
seconds of exposure time for 488 and 340 nm, respectively, no binning, 2048 x 2048
pixels resolution, and a voxel size of 0.103 μm. Whole images were collected every
10 seconds. LAS X, ImageJ software(National Institutes of Health, Bethesda,
Maryland, USA), and SigmaPlot 12 (Systat Software Inc., Chicago, IL, USA) were
used to analyze images. Data are presented as number of punctae (counted after
background subtraction) per cell. All imaging experiments were done at room
temperature.
3.3.8 Statistical analysis.
Sigmaplot, version 12.0 (Systat Software Inc.) was used for all statistical
analyses. Unpaired Student’s t-tests were used to compare independent samples, and
paired t-tests to compare data in case-control studies performed in the same
individuals. Data are expressed as the mean ± SD. P-value < 0.05 was considered
statistically significant. The particular test used in each experiment is described in each
figure legend. Number of cells/individuals, center and dispersion measures values can
be found in figure legends and/or results section.

3.4 Results.
3.4.1 Na+ influx through NALCN activates SLO2.1 in human MSMCs.
To test the hypothesis that Na+ influx through NALCN activates SLO2.1, we first
performed whole-cell patch-clamp on primary human MSMCs treated with the SLO1
K+ channel blocker tetraethylammonium (TEA) (Figure 3.1A) (Khan, Smith, Morrison,
& Ashford, 1993). Consistent with our previous findings in MSMCs (Ferreira et al.,
2019) and others' findings in neurons (Hage & Salkoff, 2012; Takahashi & Yoshino,
2015), the addition of 80 mM extracellular Na+ led to an 80-100% increase in K+
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Figure 3.1 SLO2.1 channels are activated by a NALCN-dependent Na+ leak current in
human MSMCs. (A) Schematic of whole-cell bath and pipette ionic concentrations. TEA,
tetraethylammonium. (B) Representative whole-cell currents (Vh = 0 mV, with step pulses
from −80 to +150 mV) from human MSMCs recorded in 0 mM Na+or80 mM external Na+.
The Na+-dependent currents were calculated by subtracting traces (80 mM – 0 mM Na+).
(C) Same as (B), in the presence of 10 M Gd3+. (D and E) Graphs depicting the percentage
of Na+-dependent currents at +80 mV and -60 mV, respectively, in 0 µM Gd3+ or 10 µM
Gd3+(n = 5 cells; data plotted as the mean and standard deviation). In (D), values are 94.75
 77.14 for 0 µM Gd3+ and 11.20  16.36 for 10 µM Gd3+. In (E), values are 89.24  63.56
for 0 µM Gd3+ and 3.51  23.50 for 10 µM Gd3+. (F) Schematic of whole-cell bath and pipette
ionic concentrations. (G) Representative whole-cell currents (Vh = 0 mV, with step pulses
from −80 to +150 mV) from hTERT cells recorded in 0 mM Na+ or 80 mM external Na+. The
Na+-dependent currents were calculated by subtracting traces (80 mM – 0 mM Na+). (H)
Same as (G), in the presence of 50 M CP96345 (CP) (NALCN inhibitor). (I and J) Graphs
depicting the percentage of Na+-dependent currents at +80 mV and -60 mV, respectively,
in 0 µM CP or 60 µM CP (n = 6 and 8cells for 0 and 50 M CP, respectively; data plotted
as the mean and standard deviation). In (I), values are 83.09  20.57 for 0 µM CP and 6.50
 13.48 for 50 µM CP. In (J), values are 91.59  68.47 for 0 µM CP and 8.19  56.77 for
50 µM CP. * P<0.05 by unpaired t-test. (See Figure S3.2).

currents at +80 mV and at -60 mV (Figure 3.1B), confirming that SLO2.1 is a Na+activated K+ channel. Next, we performed similar experiments in the presence of the
Na+ leak channel blocker gadolinium (Gd3+) and found that 10 µM Gd3+ completely
inhibited the K+ current activated by the addition of extracellular Na + (Figure 3.1C-E).
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These results indicate that the Na+ that activates K+ efflux through SLO2.1enters
MSMCs through a Na+ leak channel.
To confirm that NALCN is the predominant carrier of the Na + that activates SLO2.1,
we performed similar experiments using the specific NALCN inhibitor, CP96345.
CP96345 inhibited about 80% of the induced NALCN currents in HEK293 cells (Hahn,
Kim, Um, Kim, & Park, 2020). In our hands, CP96345 inhibited over 50% of the
endogenous Na+ leak current at -60 mV in hTERT cells (Figure S3.2). The K+ current
activated by the addition of extracellular Na+ was almost completely inhibited by the
presence of CP96345 in the extracellular solution (Figure 3.1H –J). Conversely, Gd3+
and CP96345 did not affect the SLO2.1 K+ current when the intracellular solution
contained 80 mM Na+ (Figure S3.3 A-F).
3.4.2 SLO2.1-induced membrane hyperpolarization is modulated by a NALCNdependent Na+ leak current.
Efflux of K+ hyperpolarizes the MSMC membrane potential, so we determined whether
Na+ influx could activate SLO2.1 and thereby lead to membrane hyperpolarization. To
measure changes in membrane potential, we performed flow cytometry of MSMCs in
the presence of the fluorescent dye DiSC3(5), a cationic voltage-sensitive dye that
accumulates on hyperpolarized membranes (Molina et al., 2019; Plasek & Hrouda,
1991; Santi et al., 2010).
Treating the cells with 80 mM extracellular Na+ led to a 30.48 ± 20.62% increase in
DiSC3(5) fluorescence, indicating that membrane hyperpolarization was activated by
Na+ influx. In contrast, treating the cells with 80 mM choline, an impermeable cation,
only led to a 9.91 ± 9.76 % increase in DiSC3(5) fluorescence, indicating that the effect
of Na+ was not due to a change in osmolarity (Figure 3.2). Additionally, treating the
cells with 80 mM lithium (Li+), a permeable cation that does not activate SLO2.1, only
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Figure 3.2. Activation of SLO2.1 by the NALCN-dependent Na+ leak hyperpolarizes the
membrane potential. (A) Experimental schemes and representative images of relative
shifts of DiSC3(5) fluorescence induced by sodium, choline, lithium, Gadolinium (Gd3+),
and CP96345 (NALCN Inhibitor) in hTERT-HM cells. (B) Quantification of shifts in cells by
sodium (n= 26), choline (n=15), lithium (n=6), andsodiumplusGd3+(n=5) or NALCN inhibitor
(n=6) normalized to changes in fluorescence in the presence of valinomycin. Data are
presented as mean and standard deviation. **P<0.01, ***P<0.001 by unpaired t-test with
Mann-Whitney corrections. (See Figure S3.2, S3.3 and S3.4).
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led to a 2.01 ± 6.54% increase in DiSC3(5) fluorescence (Figure 3.2A), indicating that
Na+ influx, and not simply a change in membrane potential, activated SLO2.1. To
determine whether NALCN was responsible for Na+ influx and membrane
hyperpolarization, we performed several experiments. First, we treated cells with Gd 3+.
In this condition, the addition of Na+ only increased DiSC3(5) fluorescence by 6.01 ±
7.16% (Figure 3.2). This response was similar to the increased DiSC3(5) fluorescence
measured in cells treated only with choline or Li+ (P =0.163 and 0.662, respectively)
(Figure 3.2). In a separate experiment, we found that, in the presence of Gd 3+, Na+
and choline increased DiSC3(5) fluorescence by similar amounts (5.63 ± 4.57% vs.
6.01± 7.16%, P = 0.833) (Figure S3.4A).
Second, we treated cells with CP96345. In this condition, addition of Na + only
increased DiSC3(5) fluorescence by 2.95 ± 7.20%, similar to results obtained from
cells treated with choline, Li+, or Gd3+ plus Na+ (Figure 3.2). CP96347 reduced 90%
of the Na+-induced hyperpolarization (2.95 % vs 27.63 %) in hTERT cells (Figure
3.2B).
Third, because Gd3+ inhibits transient receptor potential canonical (TRPC) channels,
which primarily conduct Ca2+ but can also conduct Na+ (Babich et al., 2004; Dalrymple,
Mahn, Poston, Songu-Mize, & Tribe, 2007; Dalrymple, Slater, Beech, Poston, & Tribe,
2002; Ku et al., 2006; Wang et al., 2020), we used TRPC inhibitors. Specifically, we
chose GsMTx-4 and Pyr3 because these drugs inhibit TRPC1/TRPC6 and TRPC3,
respectively (Bowman et al., 2007; Kiyonaka et al., 2009; Lu et al., 2007), the three
TRPC channels expressed in MSMCs (Babich et al., 2004; Dalrymple et al., 2007;
Dalrymple et al., 2002; Ku et al., 2006; Wang et al., 2020). In the presence of GsMTx4 and Pyr3, Na+ induced an increase in DiSC3(5) fluorescence significantly greater
than in the presence of Gd3+ (17.77 ± 12.10% vs. 6.01 ± 7.16%, P =0.029) (Figure

84

S3.4B). Additionally, in the presence of GsMTx-4 and Pyr3, Na+ induced a greater
increase in DiSC3(5) fluorescence than that induced by choline (17.77 ± 12.10% vs.
5.21 ± 6.426, P = 0.008) (Figure S3.4B).
Finally, we asked whether any of these inhibitors directly affected SLO2.1. We found
that neither Gd3+ nor CP96345 directly affected SLO2.1 currents (Figure S3A-F), but
GsMTx-4 and Pyr3 significantly reduced SLO2.1 currents (Figure S3G-I). Therefore,
the reduction in Na+-induced hyperpolarization measured in the presence of TRPC
inhibitors could be due to direct inhibition of SLO2.1 channels. From these
experiments, we conclude that Na+ influx through NALCN is responsible for 60-90%
of the Na+-activated, SLO2.1-dependent hyperpolarization in human MSMCs.
3.4.3 Functional coupling of Na+ influx and K+ efflux modulates MSMC Ca2+
responses and myometrial contractility
Our data thus far suggested that Na+ influx through NALCN activated SLO2.1, leading
to K+ efflux and MSMC membrane hyperpolarization. To determine whether these
effects on ion channel activity and membrane potential had a functional outcome, we
first examined the effects on intracellular calcium (Ca2+). In human MSMCs,
membrane depolarization increases Ca2+ influx through voltage-dependent Ca2+
channels (VDCCs), and Ferreira et al. showed that inhibiting SLO2.1 triggered Ca2+
entry through VDCCs (Ferreira et al., 2019).Thus, we hypothesized that Na+ influx
through NALCN would activate SLO2.1, leading to K+ efflux, membrane
hyperpolarization, and inhibition of Ca2+ influx.
To test this idea, we used the Ca2+ indicator Fluo4-AM to measure intracellular Ca2+
concentration. MSMCs at baseline have low-frequency spontaneous Ca2+ oscillations
(Lynn, Morgan, Gillespie, & Greenwell, 1993). When we depolarized MSMCs with high
concentrations of external KCl (20 and 50 mM), we saw a significant increase in
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Figure 3.3. Na+ leak regulates intracellular calcium homeostasis and basal tension
in human MSMCs and myometrial tissue. (A, B, C) Representative fluorescence traces
from human MSMCs loaded with 10 μM Fluo-4 AM in the presence of (A) 5, 10, 20, and
50 mM external KCl; (B) 80 mM Na+ or Choline, and (C) 135 mM Na+ or Li+. (D) Graphs
of the areas under the curve of the first 5 min after changing the solutions in B, C, and
Figure S3.6C. In D, values are 8.19  8.9 (SD) (n=21) for Na+, 61.5  43.6 (SD) (n=10)
for Choline, 80.3  55.8 (SD) (n=9) for Li+, and 3.3  2.8 (SD) (n=3) for Li+ + Verapamil
(Figure S3.6C). (E) Graphs of th(Amazu et al., 2020). Sodium current through NALCN
activates SLO2.1 channels, increasing K+ efflux to maintain the cell in a hyperpolarized
state. As a result, voltage-dependent Ca2+ channels (VDCCs) are closed, and uterine
contractions do not occur. In the contractile state, estrogen acting on ER inhibits NALCN
expression (Amazu et al., 2020), leading to decreased SLO2.1 activity. The reduced K+
efflux depolarizes the membrane, leading to VDCC activation, an increase in intracellular
Ca2+, and uterine contractility. At labor, Oxytocin (OXT) binds to the oxytocin receptor
(OTR), leading to activation of phospholipase C (PLC), production of phosphatidyl inositol
4,5-bisphosphate (PIP2), and production of inositol triphosphate (IP3). IP3 activates the
release of Ca2+ from intracellular stores, and PIP2 activates protein kinase C (PKC), which
inhibits SLO2.1 (Ferreira et al., 2019) e area under the curve (AUC) after 20 min in the
indicated solutions.

86

In E, values are 7.0  7.7 (SD) (n=21) for Na+, 34.2  22.9 (SD) (n=10) for Li+, and 6.94 
6.7 (SD) (n=4) for Li++EGTA (Figure S3.6B). All data were normalized to the fluorescence
in 5μM ionomycin and 2 mM extracellular Ca2+ (Iono), and all data are presented as mean
and standard deviation. (F) Representative tension-recording trace of myometrial tissue
(obtained from a woman undergoing elective Cesarean delivery) in normal and low
extracellular Na+. (G, H) Quantification of (G) basal tension and (H) AUC when the tissue
was bathed with control or low Na+ solutions. Data are presented as mean and standard
deviation; n=4 for each. *P<0.05, ** P<0.01, and *** P<0.001 by (D, E) unpaired t-test or
(G,H) paired t-test. (see Figure S3.6).

intracellular Ca2+ oscillations (Figure 3.3A). Next, to evaluate the effects of
extracellular Na+ on Ca2+ oscillations, we treated MSMCs with either 0 mM NaCl plus
160 mM choline (to prevent Na+ influx but maintain osmolarity) or 80 mM NaCl plus 80
mM choline (to promote Na+ influx). Ca2+ oscillations similar to those induced by 50
mM KCl were evident in the presence of 0 mM NaCl but not in the presence of 80 mM
NaCl (Figure 3.3B, Figure S3.6A). These results are in agreement with data reported
by Morgan et al,.1993 (Morgan, Lynn, Gillespie, & Greenwell, 1993). We then
performed experiments in which we substituted Na+ with Li+, which does not activate
SLO2.1. Ca2+ oscillations similar to those induced by 50 mM KCl were evident in the
presence of 135 mM Li+ but not in the presence of 135 mM Na+ (Figure 3.3 C and D).
To confirm that the Ca2+ oscillations in 0 mM NaCl (135 mM Li+) were dependent on
extracellular free Ca2+, we repeated the Li+ experiment in the presence of 0 mM
extracellular Ca2+ plus 2 mM EGTA or the VDCC blocker verapamil (Figure S3.6 B
and C). We observed no intracellular Ca2+ oscillations in conditions of 0mM
extracellular Ca2+ + Li+. We also found that significantly fewer cells responded to Li +
plus verapamil than to Li+ alone (61.8 ± 20.62, n= 5, and 9.8 ± 1.9, n= 3, respectively)
(Figures 3.3 D and E, Figure S3.6 B and C). We conclude that, in the absence of
Na+ influx through NALCN, SLO2.1 channels are less active, thus reducing K+ efflux
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Figure 3.4. NALCN and SLO2.1 are in proximity in human MSMCs cells. (A)
Representative proximity ligation assay (PLA) labeling of hTERT-HM and human MSMCs
with the indicated single antibodies and antibody combinations. (Scale bar, 10 μm). (B, C)
Average number of PLA punctae in (B) hTERT-HM cells (n=4) and (C) human primary
MSMCs (from n=4 patients). Over 300 cells per condition were processed. Data are
presented as mean and standard deviation. *P<0.050 and ***P<0.001 by unpaired t-test.
See Figure S3.5 for negative controls (SLO1 and NALCN).

and depolarizing the MSMC membrane, leading to VDCC activation and Ca2+
oscillations.
In MSMCs, increases in intracellular Ca2+ activate MSMC contractile machinery. To
determine whether low extracellular Na+ would increase uterine muscle basal tension
and contractility, we performed tension recording on myometrial strips obtained from
women who underwent an elective cesarean delivery. Figure 3.3F shows a
representative trace of a myometrial strip bathed in normal Krebs solution containing
133 mM Na+. When the extracellular Na+ was reduced from 133 mM to 33.25mM, both
the basal (0.61 ± 0.15 g vs. 2.51 ± 0.68 g, P=0.0104) and total (219 ± 113 g vs. 1118
± 366.4 g, P=0.0251) tension produced by the myometrial strips significantly increased
(Figures 3.3 F-H), but rhythmic contractions decreased. This finding supports the idea
that Na+ influx is needed to activate SLO2.1 to maintain uterine quiescence.
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Figure 3.5. Proposed model by which the NALCN/SLO2.1 complex regulates
myometrial excitability. During the quiescent state, progesterone binding to the
progesterone receptor (PRA/B) increases NALCN expression and activity (Amazu et al.,
2020). Sodium current through NALCN activates SLO2.1 channels, increasing K+ efflux to
maintain the cell in a hyperpolarized state. As a result, voltage-dependent Ca2+ channels
(VDCCs) are closed, and uterine contractions do not occur. In the contractile state,
estrogen acting on ER inhibits NALCN expression (Amazu et al., 2020), leading to
decreased SLO2.1 activity. The reduced K+ efflux depolarizes the membrane, leading to

VDCC activation, an increase in intracellular Ca2+, and uterine contractility. At labor,
Oxytocin (OXT) binds to the oxytocin receptor (OTR), leading to activation of
phospholipase C (PLC), production of phosphatidyl inositol 4,5-bisphosphate (PIP2), and
production of inositol triphosphate (IP3). IP3 activates the release of Ca2+ from intracellular
stores, and PIP2activates protein kinase C (PKC), which inhibits SLO2.1 (Ferreira et al.,
2019). This SLO2.1 inhibition further depolarizes the membrane, thus opening more
VDCCs, increasing intracellular Ca2+, and further activating myosin to cause muscle
contraction. Figure designed and created by Anthony Bartley and Chrystie Tyler.

3.4.4 NALCN and SLO2.1 co-localize in human MSMCs
The above data together suggest that Na+ influx through NALCN activates SLO2.1,
leading to K+ efflux, membrane hyperpolarization, and decreased intracellular Ca 2+.
These findings, combined with the knowledge that SLO2.1 forms functional complexes
with the Na+ channels that activate it in neurons (Hage & Salkoff, 2012; Takahashi &
Yoshino, 2015), led us to propose that NALCN co-localizes with SLO2.1 in human
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MSMCs. To test this idea, we performed in situ proximity ligation assays in both human
primary MSMCs and hTERT-HM cells. In this assay, cells are stained with antibodies
recognizing the two proteins of interest and DNA-tagged secondary antibodies. If the
two proteins are within 40 nm of one another, DNA ligation and amplification occur,
which can then be detected as fluorescent punctae in the cells. In both MSMCs and
hTERT-HMs, we detected significantly more punctae in cells stained with antibodies
specific to NALCN and SLO2.1 than in cells stained with either antibody alone or only
secondary antibodies (Figure 3.4). We did not detect co-localization between NALCN
and SLO1 channels in hTERT cells (Figure S3.5). We conclude that NALCN and
SLO2.1 are in spatial proximity in human MSMCs.

3.5 Discussion.
Here, we have presented four lines of evidence that NALCN and SLO2.1 functionally
interact to modulate MSMC membrane potential and excitability. First, we report that
SLO2.1 activity is activated by Na+ influx carried predominately by a NALCNdependent Na+ leak current. Second, this activation of SLO2.1 leads to membrane
hyperpolarization, and we show that Na+ influx through NALCN is responsible for 6090% of the SLO2.1-dependent hyperpolarization in human MSMCs. Third, we show
that NALCN-mediated regulation of SLO2.1 activity, in turn, regulates Ca2+ entry
through VDCCs and influences myometrial contractility. Finally, we show that NALCN
and SLO2.1 are in spatial proximity in MSMC membranes.
The functional coupling of SLO2.1 K+ currents to Na+ inward currents suggest a highly
specialized relationship between SLO2.1 and NALCN channels, resembling the
colocalization between calcium channels and the Slo1 calcium-activated potassium
channel (BK) (Marrion & Tavalin, 1998). Although the coupling of SLO2.1 to NALCN
channels may be analogous, the two orders of magnitude difference in the Na + and
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Ca2+ concentrations required to activate the respective K+-channels suggests some
differences. One possible mechanism for the functional coupling of SLO2.1 and
NALCN currents is their presence in a region of limited diffusion near the plasma
membrane. Physiological evidence of such a region (known as fuzzy space) has been
reported in cardiac myocytes (Barry, 2006; Semb & Sejersted, 1996). Second, the
micro heterogeneity of Na+ concentrations in internal submembrane space has been
directly measured (Wendt-Gallitelli, Voigt, & Isenberg, 1993). Thus, it is possible that
a small but constant influx of Na+ through NALCN is responsible for increasing Na+
concentration in localized submembrane regions where Na+-activated K+ channels are
located. The spatial proximity that we found between SLO2.1 and NALCN channels
likely allows NALCN to locally modify the Na+ concentration in intracellular micro
domains containing SLO2.1 without changing the bulk intracellular Na+ concentration
(Hage & Salkoff, 2012; P. Li et al., 2019).Future biochemical work should address
whether NALCN and SLO2.1 are in a physical complex.
We recently published evidence regarding another mechanism by which SLO2.1 is
regulated in human MSMCs. In that work, we found that oxytocin acting through a noncanonical pathway inhibits SLO2.1 and induces an increase in intracellular Ca 2+ by
opening VDCC (Ferreira et al., 2019). These results were in line with data published
by Arnaudeau et al. suggesting that oxytocin has a sustained effect on the VDCCdependent intracellular Ca2+ concentration in MSMCs from pregnant rats (Arnaudeau,
Lepretre, & Mironneau, 1994). We also recently demonstrated that NALCN expression
and activity are regulated by the hormones progesterone and estrogen (Amazu et al.,
2020).
Taken together, our work and the work of others lead us to propose the model shown
in Figure 3.5. During the quiescent state, progesterone up regulates the expression
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of NALCN (Amazu et al., 2020), leading to an increase in the NALCN-dependent Na+
leak current. This Na+ influx activates SLO2.1 channels locally, leading to K+ efflux
and membrane hyperpolarization. This hyperpolarization promotes the closed state of
VDCCs, limiting Ca2+ influx and contractility. During the contractile state, estrogen
inhibits the expression of NALCN, reducing Na+ influx, and preventing SLO2.1
activation. As a result of decreased SLO2.1-mediated K+ efflux, the membrane
depolarizes, leading to VDCC activation, Ca2+ influx, activation of MSMC contractile
machinery, and uterine contractions. Additionally, at labor, oxytocin further induces
Ca2+ release from intracellular stores and inhibits SLO2.1 activity via signaling through
the protein kinase C pathway (Ferreira et al., 2019). Future work will be aimed at
further testing this model and defining the mechanisms by which the actions of the
hormones progesterone, estrogen, and oxytocin work in concert with the activity of ion
channels to regulate MSMC excitability and contractility appropriately during
pregnancy.
In addition to SLO2.1, MSMCs express other K+ channels including the inward rectifier
Kir7.1 and Ca2+-activated Slo1.1 channels (Brainard, Korovkina, & England, 2007;
Ferreira et al., 2019; Khan et al., 1993; McCloskey et al., 2014). Expression of Kir7.1
channels peaks in mid-pregnancy in mice, and Kir7.1 currents contribute to
maintaining a hyperpolarized membrane potential and low contractility during the
quiescent stage of pregnancy in both mouse and human uterine tissue (McCloskey et
al., 2014). This suggests that Kir7.1 could contribute to regulating the transition from
the quiescent to the contractile state during pregnancy. However, Ferreira et al.
showed that Slo1.1 and SLO2.1 together contribute to ~87% of the K + current in
human MSMCs (Ferreira et al., 2019). Further work is thus needed to fully define the
activities of the numerous K+ channels in MSMCs.
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In addition to NALCN, MSMCs from rats and humans express other channels that
conduct Na+, such as the TRPC family members TRPC1, 3, and 6 (Babich et al., 2004;
Dalrymple et al., 2007; Dalrymple et al., 2002; Ku et al., 2006; Lacampagne, Gannier,
Argibay, Garnier, & Le Guennec, 1994; Wang et al., 2020; Yang & Sachs, 1989).
Although these channels are inhibited by Gd3+, we show here that TRPC1, 3, and 6
jointly contribute to a minority of the Na+-activated hyperpolarization in human
MSMCs. The exact regulation and role of TRPCs during pregnancy is under
investigation. In one study, TRCP6 mRNA and protein expression were down
regulated, whereasTRPC1 expression was unchanged, during pregnancy in rats
(Babich et al., 2004). However, others report that TRPCs are sensitive to multiple
signals in vitro, including mechanical stretch and IL-1β, that are important during labor
(Csapo, Erdos, De Mattos, Gramss, & Moscowitz, 1965; Dalrymple et al., 2007;
Douglas, Clarke, & Goldspink, 1988). Thus, although TRPCs seem to play some role
in regulating MSMC membrane potential, their more important role may be in
regulating MSMC activity during labor.
Previous work showed that depolarizing Na+ leak currents could contribute to
pacemaker activity in dopaminergic neurons and gastrointestinal cells (Khaliq & Bean,
2010; Kim et al., 2012; Koh, Jun, Kim, & Sanders, 2002). Given that MSMC action
potentials are driven by an influx of Ca2+ through VDCC that open in response to a
slow recurrent depolarization between action potentials (pacemaker current)
(Amedee, Mironneau, & Mironneau, 1987; Kuriyama & Suzuki, 1976; Lammers, 2013;
Wray et al., 2003), it seemed possible that NALCN regulates pacemaker activity in
MSMCs. However, if NALCN were involved in setting the pacemaker activity, cells
lacking NALCN should have a disrupted inter-burst frequency of action potentials.
Instead, MSMCs from NALCN knockout mice at day 19 of pregnancy only showed a
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significant reduction in the burst duration and no significant effect on the inter-burst
frequency (Reinl et al., 2018). In conclusion, these results suggest that, instead of
regulating the pacemaker, NALCN regulates myometrial excitability by modulating
the permeability of other ions (particularly K+) and thereby regulating MSMC
membrane potential (Ferreira et al., 2019; Reinl et al., 2015; Reinl et al., 2018).
Additional work is needed to establish the contribution of the functional NALCN and
SLO2.1 complex to myometrial excitability at different stages of pregnancy.
Limitations of study: As with all studies, the design of this study is subject to
limitations. There are limitations in our work that could be addressed in future
research. First, the study used human myometrial samples isolated from the lower
uterine segment obtained from non-laboring women at term (37 weeks of gestation)
and hTERT-HM, an immortalized non-pregnant myometrial cell line. Further research
is needed to establish the exact contribution of the functional NALCN and SLO2.1
complex to myometrial excitability at different stages of pregnancy and at other
locations within the uterus. Second, our study probes whether NALCN and SLO2.1
are in a functional complex. Future biochemical studies should address whether they
are in a physical complex. Despite these limitations, our work presents clear evidence
of NALCN and SLO2.1 channels functionally interacting to regulate myometrial
excitability.
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3.8 Supplementary Figures.

Figure Supplementary 3.1. Optimized flow cytometry parameters. Related to STAR
Methods. (A) SSC-A and FSC-A were used to identify MSMCs primarily by size. (B) SSC-A
and SSC-H were used to select singlets and exclude doublets or debris. (C) Hoechst dye was
used to differentiate between live and dead MSMCs.
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Figure Supplementary 3.2. Na+ leak currents inhibited by CP96345 in hTERT Cells.
Related to Figure 3.1 and 3.2. (A) Representative traces of leak current evoked from
hTERT cells. Cells were held at 0 mV and currents were elicited by using a voltage step
protocol with 20 mV increments from -100 mV to +20 mV, before and after treatment with
50 M CP96345 (CP). Capacitive currents were removed from these traces. (B) Na+ leak
currents at -60 mV obtained before (control) and after treatment with 50 M CP. Symbols
represent individual cells and connecting lines link values in the same cell sample before
and after treatment (n=12). (C) Current density analysis before and after treatment with 50

M CP (n=12). Data are presented as mean values and SD. Cells were serum-starved in
0.5% FBS-containing media for 20–24 hours before experiments were performed. Pipettes
were filled with a solution containing 125 mM Cs-Aspartate, 20 mM tetraethylammonium
(TEA)-Cl, 5 mM Mg-ATP, 5 mM EGTA, 100 nM free Ca2+, and 10 mM HEPES, pH 7.2.
Currents were measured in an extracellular solution containing: 125 mM NaCl, 20 mM TEACl, 0.1 mM MgCl2, 5 mM HEPES, 11 mM glucose, 1 mM CaCl2, and 5 mM nifedipine, pH
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Figure Supplementary 3.3. Effects of Gadolinium, CP96345 and GsMTx-4 and Pyr3
over SLO2.1 currents. Related to Figure 3.1 and 3.2. (A) Schematic of whole cell
recording set-up and voltage steps applied. (B) Representative whole-cell currents (Vh = 0
mV, with step pulses from −80 to +150 mV) from human MSMC recorded in 0 or 20 µM
Gd3+. (C) Graph of currents in the presence of 20 µM Gd3+ at -60 mV and +80 mV,
normalized to currents in 0 µM Gd3+ and presented as mean and standard deviation. Values
are 1.03  0.195 at -60 mV (n=6, P = 0.739) and 1.018  0.0814 at +80 mV (n= 6, P =
0.589). (D) Schematic of whole cell recording set-up and voltage steps applied. (E)
Representative whole-cell currents (Vh = 0 mV, with step pulses from −80 to +150 mV)
from human MSMC recorded in 0 or 50 µM CP. (F) Graph of currents in the presence of
50 µM CPat -60 mV and +80 mV, normalized to currents in 0 µM CP and presented as
mean and standard deviation. Values are 0.976  0.119 at -60mV (n=6) and 0.972  0.237
at +80 mV (n= 6). P-values calculated by paired t-test. ns, not significant. (G) Schematic
of whole cell recording set-up and voltage steps applied. (H) Representative whole-cell
currents (Vh = 0 mV, with step pulses from −80 to +150 mV) from human MSMC recorded
in 0 or 1 µM GsMTx-4 and Pyr3. (I) Graph of currents in the presence of 1 µM GsMTx-4
and Pyr3at -60 mV and +80 mV, normalized to currents in 0 µM and presented as mean
and standard deviation. Values are 0.983  0.259 at -60mV (n=3) and 0.419  0.179 at
+80 mV (n= 3). P-values calculated by independent t-test. ** P<0.010; ns = not significant.
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Figure Supplementary 3.4: Gadolinium blocks hyperpolarization caused by
extracellular Na+, whereas TRPC blockers only partially decrease the
hyperpolarization caused by extracellular Na+. Related to Figure 3.2. (A) Quantification
of shifts in DiSC3(5) fluorescence caused by Sodium (n= 5) and Choline (n=6) in the
presence of Gd3+. (B) Quantification of shifts in DiSC3(5) fluorescence caused by Sodium
(n=9) and Choline (n=7) in the presence of GsMTx-4 and Pyr3. In (A) and (B), values are
normalized to shifts in fluorescence in the presence of valinomycin. Data are presented as
mean and standard deviation. *P<0.05 by unpaired t-test with Mann-Whitney corrections.
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Figure Supplementary 3.5: NALCN and SLO1 are NOT in proximity in human MSMCs
cells. Related to Figure 3.4. (A) Representative proximity ligation assay (PLA) labeling of
hTERT-HM with the indicated single antibodies and antibody combinations. (Scale bar, 20
μm.) (B) Average number of PLA punctae in hTERT-HM cells (n=2-3). Over 200 cells per
condition were processed. Data are presented as mean and standard deviation. ns>0.05
by One way ANOVA.
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Figure Supplementary 3.6: Na+ leak regulates intracellular calcium homeostasis and
basal tension in human MSMCs. Related to Figure 3.3. (A, B, and C) Representative
fluorescence traces from human MSMCs loaded with 10 μM Fluo-4 AM. (A) Calcium
responses in MSMCs by substituting extracellular Choline with Na+. Reverse experiments
of Figure 3.4B. (B) Calcium responses in extracellular 0 mM Ca2+ + 2 mM EGTA, when
substituting extracellular Na+ with Li+ (Values represented in Figure 3.3E). (C) Calcium
responses on cells bathed with 10 M Verapamil, when substituting extracellular Na+ with
Li+ (Values on Figure 3.3D). All data were normalized to the fluorescence in 5 μM ionomycin
and 2 mM extracellular Ca2+ (Iono).
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Chapter 4: SLO2.1/NALCN complex in mice, future directions, and
general discussion.

4.1 Introduction.
As discussed in previous chapters, it is well known that uterine quiescence depends
on cells maintaining a hyperpolarize resting membrane potential (Vm) that prevents
intracellular

Ca2+

increases

and

subsequent

myometrial

contractions.

The

maintenance of the quiescence during the first two trimesters of pregnancy is crucial
for the development of the fetus and to prevent the infant from being born preterm,
which will put the infant at immediate risk of morbidity and mortality. Towards the end
of pregnancy, the uterus transitions to a more contractile state essential to push the
fetus through the birth canal. If this transition fails to occur, a cesarean section may be
required, putting the mother at risk of infection and other surgery complications. To
avoid these outcomes, clinicians use agents such as progesterone to prevent preterm
labor or oxytocin from promoting uterine contractions, but these approaches are often
ineffectual. Therefore, defining uterine excitability's molecular mechanisms is essential
to develop more effective and alternative therapeutics to inhibit or promote uterine
contractility.
The gradual depolarization of the human myometrial smooth muscle cell (MSMC)
membrane potential is a significant driver of the transition to a more active uterus. The
membrane potential of MSMCs changes from approx. -75 mV at week 28th, to approx.
-50 mV at week 39th, and labor (Parkington, Tonta, Brennecke, & Coleman, 1999). A
similar depolarization has been described in MSMCs from mice and rats (Casteels &
Kuriyama, 1965; Osa, 1974; Parkington et al., 1999). In all species, this depolarization
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activates voltage-dependent calcium channels (VDCC), triggering Ca2+ influx and
MSMCs' contraction (Berridge, 2008).
In chapters two and three, I showed data from human MSMCs evidencing the
presence of a functional complex formed by the Na+-activated K+ channel, SLO2.1,
and the Na+ leak channel NALCN. These findings described a novel functional Na+
signaling complex that can significantly contribute to the maintenance of uterine
quiescence and actively regulate the transition of the uterus to a more contractile state.
It also highlights a novel and unconventional Na+ signaling mechanism in MSMCs, for
membrane potential regulation: rather than acting as a depolarizing agent, Na + influx
through NALCN acts as a signal to activate the SLO2.1 K+ channel and to promote
membrane hyperpolarization (Ferreira et al., 2021; Ferreira et al., 2019).
However, because we
used human tissues, it
was

impossible

to

determine the role of
this new complex at
the different stages of
pregnancy.

To

address this limitation
and rigorously test our
Figure 4.1. Model to validate in mouse MSMCs. (Top) We
hypothesize that, as pregnancy progresses, NALCN/SLO2.1
complex expression or activity decreases (illustrated as fewer
channels), causing membrane depolarization (black line),
increased entry of Ca2+, and increased uterine contractility (red
line). (Bottom) Na+ entry through NALCN activates K+ efflux
through SLO2.1, thus preventing Ca2+ entry through a voltage
dependent Ca2+ channel. dpc= days post-conception.
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model,

we

currently

performing

experiments

are

to

describe the function

and regulation of the NALCN/SLO2.1 complex across pregnancy using the mouse
model.
In this chapter, I show preliminary data obtained from mouse MSMCs cells at different
stages of pregnancy that support the model shown in figure 4.1. We expect that upon
completion of this work, we will: 1) verify if mice are a valid model to study changes in
uterine quiescence induced by the NALCN/SLO2.1 complex during pregnancy, 2)
define the primary regulators of MSMC excitability and their modulation at different
stages of pregnancy, and 3) facilitate future efforts aimed at developing therapeutics
that help to avoid late pregnancies and to prevent preterm labor.

4.2 Materials and Methods
4.2.1 Animals and ethics statement.
All experimental procedures were approved by the Animals studies committee
of Washington University (St. Louis, MO); and performed following the National
Institute of Health Guide for the Care and Use of Laboratory Animals. Animals were
kept under a 12/12 hours dark/light cycle at a constant temperature of 22 ± 2°C with
free access to food and water. Wild-type C57BL/6 females from Jackson Laboratory
(60-90 days old) were used in this study.
4.2.2 Electrophysiology
Cells were starved in serum-free DMEM:F12 for at least 2 hours before experiments.
For all experiments, pipettes were pulled from borosilicate glass from Warner
Instruments. Pipettes with a 0.8 to 1.8 megaohms resistance were used for whole-cell
recording. Symmetrical and asymmetrical K+ solutions were used. External
symmetrical solution (in mM): 80 KCl, 80 NaCl, 2 MgCl2, 10 HEPES, and 5 TEA, pH
adjusted to 7.4 with NaOH. Symmetrical pipette solution (in mM): 80 KCl, 80 NaCl, 10
HEPES and 100 nM free Ca2+ solutions with 1 mM EGTA. External Asymmetrical
108

solution (in mM): 135 NaCl or 135 LiCl, 5 KCl, 2 MgCl2, 10 HEPES, and 5 TEA, pH
adjusted to 7.4 with NaOH. Asymmetrical pipette solution (in mM): 140 KCl, 10 HEPES
and 100 nM free Ca2+ solutions with 1 mM EGTA. Variations in the solutions are
indicated in the figures. During electrophysiological experiments, the cells were
perfused continuously. Traces were acquired with an Axopatch 200B (Molecular
Devices) and digitized at 10 kHz. Recordings were filtered at 2 kHz, and pClamp 10.6
(Molecular Devices) and SigmaPlot 12 (Jandel Scientific) were used to analyze the
data.
4.2.3 Determination of membrane potential by flow cytometry
Mouse MSMCs were resuspended in modified Ringers solution containing (in mM): 80
Choline Cl, 10 HEPES, 5 Glucose, 5 KCl, and 2 CaCl2; pH 7.4). Before recording, 0.02
mg/mL Hoechst and 150 nM DiSC3(5) were added to 500 µL of cell suspension, and
data were recorded as individual cellular events on a Cytek® Aurora cFluor™ 5 Laser
16UV-16V-14B-10YG-8R (Cytek Bioscience, Fremont, CA 94538-6407). Side scatter
area (SSC-A) and forward scatter area (FSC-A) fluorescence data were collected from
20,000 events per recording. Threshold levels for FSC-A and SSC-A were set to
exclude signals from cellular debris. Doublets, aggregates, and cell debris were
excluded from the analysis based on a dual parameter dot plot in which pulse signal
(signal high; SSC-H; y-axis) versus signal area (SSC-A; x-axis) was displayed. Living
Hoechst-negative cells were selected using a Pacific Blue filter, and DiSC3(5)-positive
cells were detected with the filter for allophycocyanine APC. The effects of Na+ on
membrane potential were measured after adding 80 mM Na + or Lithium (Li+) to the
1000 μL suspensions. Valinomycin hyperpolarizes the cell according to the equilibrium
potential for K+. Normalization was performed according to (FRef-FIono)/(FValino-FIono),
being FRef median of the fluorescence of the population in the basal condition, F Iono

109

after the addition of the cation, and FValino after addition of Valinomycin. Normalization
was performed by adding 1 µM valinomycin (Sigma, St. Louis, MO). FlowJo 10.6.1
software was used to analyze data, reported as median values.
4.2.4 Calcium imaging
Mouse MSMCs were allowed to attach to glass coverslips for 4-18 hours. Cells were
pre-incubated with 2 μM Fluo-4 AM and 0.05-0.1% Pluronic Acid F-127 in Opti-Mem
for 60-90 min. The dye was allowed to equilibrate in the cells by removing the loading
solutions and adding Ringer solution for 10 to 20 minutes. The various solutions were
applied with a perfusion system with an estimated exchange time of 1.5 s. Recordings
started 2-5 min before the first test solution. Ionomycin (5 μM) was added as a control
stimulus at the end of the recordings. Calcium (Ca2+) signals were recorded with a
Leica AF 6000LX system with a Leica DMi8000 inverted microscope and an AndorZyla-VCS04494 camera. LAS X, ImageJ, Clampfit 10 (Molecular Devices), and
SigmaPlot 12 were used to analyze data. Changes in intracellular Ca2+ concentration
are presented as (F/FIono) after background subtraction. All imaging experiments were
done at room temperature. Cells were considered responsive if they had changes in
fluorescence of at least 5-10% of ionomycin responses.
4.2.5 In Situ proximity ligation assay
Mouse MSMCs were cultured in 8-well chambered slides (LabTek/Sigma, St. Louis,
MO), serum-deprived in 0.5% FBS for 24 h, washed in ice-cold 1X PBS, and then fixed
in 4% (wt/vol) paraformaldehyde (PFA) in PBS for 20 min at room temperature with
gentle rocking. After 4 x 5-min washes in 1X PBS, cells were permeabilized with 0.1%
NP-40 for 5 min at room temperature, washed twice with PBS, and washed once in
100 mM Glycine in PBS to quench remaining PFA. The slides were rinsed in Milli-Q
water to remove residual salts. Duolink in situ proximity ligation assay (Sigma, St.
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Louis, MO) and the manufacturer’s protocol was entirely followed except that cell were
stained with NucBlue Fixed Cell Stain Ready Probes (Invitrogen, Carlsbad, CA) for 5
min at room temperature before the final wash in wash buffer B. The slides were dried
at room temperature in the dark, mounted in Vectashield (Vector Laboratories,
Burlingame, CA), and stored in the dark at -20 °C until analysis. LAS X, ImageJ
software (National Institutes of Health, Bethesda, Maryland, USA), and SigmaPlot 12
(Systat Software Inc., Chicago, IL, USA) were used to analyze images. Data are
presented as the number of punctae (counted after background subtraction) per cell.
All imaging experiments were done at room temperature.
4.2.6 Statistical analysis.
Sigmaplot, version 12.0 (Systat Software Inc.), was used for all statistical
analyses. Unpaired Student’s t-tests were used to compare independent samples, and
One-way ANOVA test to compare data with several groups. Data are expressed as
the mean ± SD. P-value < 0.05 was considered statistically significant. The particular
test used in each experiment is described in each figure legend.

4.3 Preliminary results and future directions.
4.3. 1 Mouse MSMCs conduct a Na+-activated K+ current (KNa)
First, I recorded whole-cell K+ currents in MSMCs from non-pregnant (NP) mice and
pregnant mice day post-conception 18 (18 dpc). I applied voltage steps from -90 to
+150 mV, revealing the presence of time-dependent, non-inactivating outward K+
currents (Figure 4.2 Control). Similarly to human MSMCs, part of these whole cells
K+ currents were carried by SLO1 channels (BKCa, MaxiK), which is known to be
expressed in MSMCs (Brainard, Korovkina, & England, 2009; Raheela N. Khan,
Morrison, Smith, & Ashford, 1998; R. N. Khan, Smith, Morrison, & Ashford, 1993;
Lorca, Ma, & England, 2017; Lorca, Prabagaran, & England, 2014; Lorca, Stamnes,
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et al., 2014; Lorca, Wakle-Prabagaran, Freeman, Pillai, & England, 2018; WaklePrabagaran et al., 2016). To remove SLO1 currents, we treated the cells with the K +
channel blocker tetraethylammonium (TEA) at 5–10 mM, a concentration that inhibits
SLO1 but not SLO2 channels. These experiments revealed two macroscopic K +
currents: a TEA-sensitive current and a TEA-resistant current (Figure 4.2B).

Figure 4.2. mouse MSMCs conduct a TEA-resistant and PMA-sensitive current.
A, left, schematic of whole-cell recording set-up. B. representative whole-cell currents (Vh
= 0 mV, with step pulses from −90 to +150 mV) from non-pregnant (NP) mouse MSMC
recorded in control conditions (Control), in the presence of 5 mM TEA in the external
solution (+TEA), and in the presence of 1µM PMA (+PMA). C. PMA-sensitive currents in
mouse MSMCs from non-pregnant and 18 days post conception (18 dpc) at two voltages,
+80 mV and -60 mV. Quantification as a percentage of TEA-resistant (data plotted as the
mean ± SD). Statistical significance was obtained by an independent t-test.

Second, I explored the sensitivity of the TEA-resistant currents to the PKC activator,
PMA. As was shown for human MSMCs in chapter 2 and previously by others (Santi
2006), SLO2.1 is inhibited by PKC activation. In figure 4.1B (+PMA), I show that the
TEA-resistant current was sensitive to PMA, suggesting that SLO2.1 channels and not
SLO2.2 carry this current.
Third, I evaluated the presence of a Na+-activated K+ current in mouse MSMCs at
different stages of pregnancy (Figure 4.3). The experiments showed in chapter two,
together with previous studies (Budelli et al., 2009; Dryer, Fujii, & Martin, 1989;
Kaczmarek, 2013; Salkoff, Butler, Ferreira, Santi, & Wei, 2006; Santi et al., 2006; Yuan

112

et al., 2003), demonstrated that intracellular Na+ activates SLO2.1 channels. Whole-

Figure 4.3. Na+ influx activates Na+-dependent K+ channels in mouse MSMCs. Wholecell recordings (schematics on A) of K+ currents in MSMCs from a non-pregnant (NP)
mouse (B) in the presence of 135 mM Na+ or 135 mM Li+ in the extracellular. Whole-cell
currents were elicited at Vh ± −70 mV and step pulses from −90 to +150 mV. Na+dependent K+ currents were obtained by subtracting the current recorded in 0 mM Na+
from the current recorded at 135 mM Na+. C and D Graph shows the percentage of Na+dependent K+ current in mouse MSMCs from different stages of pregnancy at −60 mV and
+80 mV, respectively. Values at +80 are, 93.5 (mean) +/- 105.39 (SD) n=15, 81.3 (mean)
+/- 37.65 (SD) n=4, 14.83 (mean) +/- 10.39 (SD) n=4, -25.02 (mean) +/- 25.43 (SD) n=6,
and 18.54 (mean) +/- 21.41 (SD) n=3, for NP, 7 dpc, 14 dpc, 18 dpc, and NP NALCN KO,
respectively. Values at -60 are, 176.5 (mean) +/- 130.9 (SD) n=15, 123.16 (mean) +/- 89.54
(SD) n=4, -7.45 (mean) +/- 83.91 (SD) n=4, -4.80 (mean) +/- 31.43 (SD) n=6, and -25.91
(mean) +/- 24.31 (SD) n=3, for NP, 7 dpc, 14 dpc, 18 dpc, and NP NALCN KO, respectively.
* P≤0.050. Statistical significance was obtained by one-way ANOVA followed by Dunn's
multiple comparison method to compared wild-type samples at different stages of
pregnancy, and an independent t-test to compared wild-type and NALCN KO NP samples.

cell patch-clamp experiments from myometrial smooth muscle cells (Ferreira et al.,
2021; Ferreira et al., 2019) and neurons (Budelli et al., 2009; Hage & Salkoff, 2012)
have also shown that Na+ influx can activate KNa channels when the intracellular
solution lacks Na+. Similar to what has been shown in human MSMCs, when Li +
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substitutes external Na+, a decrease in SLO2.1 K+ current is expected. Indeed, in
MSMCs from non-pregnant mice, the total K+ current decreased markedly when the
external solution did not contain Na+. The K current in 0 mM external Na+ (135 mM
Li+) was approx. 50% of the current recorded in 135 mM external Na + (Figure 4.3).
These results indicate that outward KNa currents were significantly activated by Na+
influx in MSMCs from non-pregnant and pregnant animals seven days post-conception
(7 dpc). I also found a reduction in the amplitude of the Na +-activated K+ current with
the progression of pregnancy. Figure 4.3 shows that the effect of adding extracellular
Na+ over KNa currents in mouse MSMCs was reduced from approx. a 100% increase
at day post conception 7 to 0 % (No increase) at the end of pregnancy.

Figure 4.4. SLO2.1 expression in mouse MSMCs.
A, representative RT-PCR of SLO2.1 in mouse MSMCs from pregnant and non-pregnant
animals. Negative (no reverse transcriptase; RT) and positive (hTERT) controls are also
shown. B, representative RT-PCR of SLO2.2 in mouse MSMCs from pregnant and nonpregnant animals. Negative (no RT) and positive (SLO2.2 cDNA) controls are also shown. C,
immunolocalization of SLO2.1 (red) and DAPI (blue) in mouse MSMCs. unpublished data.

Based on these results, I hypothesize that similar to what happens in human MSMCs,
in mouse MSMCs NALCN and SLO2.1 form a functional complex, and Na+ influx
through mouse NALCN can activate the mouse SLO2.1 channel. Whole-cell patch114

clamp experiments performed in MSMCs from non-pregnant NALCN Knock-out (KO)
transgenic mice (Figure 4.3) showed that the addition of extracellular Na+ did not
affect Na+-activated K+ currents. This result suggests that NALCN channels may also
be the primary source of Na+ for the activation of SLO2.1 channels. Further
experiments in the presence of the NALCN-specific inhibitor CP96345 will be
performed to confirm that NALCN is the primary source of Na + for the activation of
SLO2.1 channels (Ferreira et al., 2021; Hahn, Kim, Um, Kim, & Park, 2020).
4.3.2 SLO2.1 and NALCN expression in mouse MSMCs
First, to further confirm that the KNa currents recorded from mouse MSMCs are carried
by SLO2.1 and not SLO2.2 channels, we performed RT-PCR to examine the
expression of these channels. These experiments showed that SLO2.1, but not
SLO2.2 mRNA, is expressed in primary mouse MSMCs and uterine tissue from
pregnant and non-pregnant animals (Figure 4.4 A and B). Consistent with the RTPCR data, immunocytochemistry with polyclonal antibody against mouse SLO2.1
showed that the SLO2.1 protein was expressed in mouse MSMCs (Figure 4.4C).
These cells also expressed beta-actin, which is present in MSMCs but not in
fibroblasts (Figure 4.4C). Since the amplitude of the Na+-activated K+ current activated
by external Na+ decreases as pregnancy progresses, we wonder if the expression
of NALCN and SLO2.1 change during pregnancy in mouse MSMCs?
One possibility is that activity of the NALCN/SLO2.1 complex in MSMCs decre to
ensure that the NALCN signal reflects expression in MSMCs and not in other uterine
cell types. In figure 4.5, I showed recent data obtained with our collaborators in Dr.
England labs (Dr. Lynsdey Kent), where we see that NALCN (Figure 4.5A) and
SLO2.1 (Figure 4.5B) mRNA levels are lower in the uterus from pregnant at 18 days
post-conception (18 dpc) than from non-pregnant or pregnant at 7 dpc mice. In
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concordance with the mRNA levels of NALCN, we also observed a decrease in

Figure 4.5. Expression of NALCN and SLO2.1 in Mouse uterus. Expression of (A) Nalcn
and (B) Slo2.1. Left, expression in non-pregnant (NP) during the estrus cycle, pro-estrus
(PE), estrus (E), metaestrus (ME), and diestrus (DE). Right, expression in non-pregnant
(NP, general) and pregnant mouse uterus 7.5- or 18.5-days post conception (dpc). Relative
expression was measured by qRT-PCR using Δ/Δ Ct method and normalized to TOP1 and
SDHA mRNA abundance. * P≤0.050 by one-way ANOVA followed by Tukey's multiple
comparison test. (C) Expression of NALCN in whole cell uterine lysates from NP and
pregnant mice (dpc). GAPDH in included as a loading control. Unpublished data. Dr.
Lynsdey Kent

NALCN protein expression between early pregnancy (7 dpc) and late pregnancy (18
dpc) (Figure 4.5C). Further experiments in primary cultures of MSMCs are needed to
ensure that the NALCN and SLO2.1 signal reflects expression in MSMCs and not
other uterine cell types. We will use RT-qPCR and western blotting to explore mRNA
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and protein expression of SLO2.1 and NALCN in primary or freshly isolated MSMCs
from five groups of mice: non-pregnant in diestrus, non-pregnant in estrus, 7 dpc, 14
dpc, and 18 dpc.
4.3.3 Vm modulation by the NALCN/SLO2.1 functional complex in mouse
MSMCs.
In chapter 3 and Ferreira et al. 2021, we used flow cytometry together with the
positively charged dye DiSC3(5) to measure the membrane potential of human
MSMCs (Ferreira et al., 2021; Molina et al., 2019; Plasek & Hrouda, 1991; Santi et al.,
2010). Ferreira et al. 2021 described an unconventional Na + signaling mechanism
present in human MSMCs, where the Na+ leak current through the NALCN channel
activates SLO2.1 K+ channels, increases K+ efflux, and hyperpolarizes the MSMC’s
Vm. Here, I explored if the novel Na+ signaling mechanism is conserved in mouse
MSMCs, and how its activity is modulated during pregnancy.
First, I found that adding 80 mM Na+ induced hyperpolarization of the Vm in MSMCs
from non-pregnant mice (as indicated by a shift to the right in Figure 4.6B). I reported
a hyperpolarized membrane potential value relative to the one obtained when cells are
treated with the K+ ionophore valinomycin (Figure 4.6). In MSMCs from non-pregnant
mice, the addition of Na+ caused a 39.7 ± 40.5% hyperpolarization (Figure 4.6 C and
D), indicating that the hyperpolarization was dependent on the influx of Na +. In
contrast, treating the cells with 80 mM Li+, a permeable cation that does not activate
SLO2.1, led to a 16.86 ± 26.4 % depolarization (Figure 4.6C), indicating that the
activation of SLO2.1 is essential for Na+-dependent hyperpolarization.
Second, I investigated the Na+ dependent hyperpolarization in mouse MSMCs at
different stages of pregnancy (Figure 4.6D). I quantifed the changes of the Vm induced
by the addition of 80 mM Na+ in MSMCS obtained at different stages of pregnancy: 7
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dpc, 14 dpc, and 18 dpc. At 7 dpc, I saw a hyperpolarization of the Vm similar to the
one observed in non-pregnant mice with values of 30.1 (mean) +/- 13.5% (SD), n=3.
Conversely, in MSMCs from 14 dpc and 18 dpc stages (late pregnancy), the addition

Figure 4.6. Activation of SLO2.1 by a Na+ leak influx, hyperpolarizes the membrane
potential. (A and B) Experimental schemes and representative images of relative shifts of
DiSC3(5) fluorescence induced by sodium, and valinomycin in mouse MSMCs. (C)
Quantification of shifts induced by sodium (n= 5), and, lithium (n=5), in MSMCs from nonpregnant mice normalized to changes in fluorescence in the presence of valinomycin. An
independent t-test was used to evaluate statically significance. (D) Quantification of shifts
induced by sodium in MSMCs at different stages of pregnancy, non-pregnant, 7 dpc (n=3),
14 dpc (n=3), and 18 dpc (n=6), normalized to changes in fluorescence in the presence of
valinomycin. One-way ANOVA followed by Tukey's multiple comparison test was used to
evaluate statically significance. Data are presented as mean and standard deviation.
**P<0.01, *P<0.050.

of 80 mM Na+ induced depolarization of the membrane potential (Figure 4.6D). This
depolarization was significantly larger at 18 dpc than at 14 dpc. Together these results
suggested that the hyperpolarization induced by the activity of the NALCN/SLO2.1
functional complex is more prominent at the early stages of pregnancy. The membrane
depolarization caused by Na+ influx when the NALCN/SLO2.1 complex is not
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functional could contribute to the increase in MSMCs ‘s excitability at the end of
pregnancy. At this stage, SLO2.1 can also be inhibited by oxytocin and further
contribute to the depolarization of the Vm (see chapter 2 and Ferreira et al. 2019
(Ferreira et al., 2019)).
Further experiments in MSMCs from the same mice groups are needed (nonpregnant, 7 dpc, 14 dpc, and 18 dpc to verify these initial findings. We will evaluate
the magnitude of the Na+- dependent changes in the membrane potential by
comparing the effects with the negative controls (Li+ and Choline, a non-permeable
cation). Additionally, to confirm that NALCN is the primary source of Na + for the
activation of SLO2.1 channels, we will perform experiments in the presence of the
NALCN-specific inhibitor CP96345 (Ferreira et al., 2021; Hahn et al., 2020).
4.3.4 Na+ signalling complex modulates Ca2+ responses in mouse MSMC.
We previously demonstrated that in human MSMCs, the inhibition of SLO2.1 channels
by oxytocin triggered Ca2+ entry through VDCCs (Ferreira et al., 2019). We also
showed that Na+ influx through NALCN activates SLO2.1 in human MSMCs, leading
to an increase in K+ efflux, membrane hyperpolarization, and inhibition of Ca 2+ influx
through VDCC (Ferreira et al., 2021). To determine if the effects of the Na+ signaling
complex can modulate VDCC and modulate Ca2+ responses in mouse MSMCs, I used
the Ca2+ indicator Fluo4-AM to measure intracellular Ca2+ concentration in MSMCs at
different stages of pregnancy. As a control, I showed the amplitude of the Ca2+
responses when we depolarized mouse MSMCs from NP and pregnant 18 dpc
animals, with a high concentration of external KCl (80 mM) (Figure 4.7B). Next, to
evaluate the effects of extracellular Na+ on Ca2+ oscillations, we treated mouse
MSMCs with either 135 mM Li+ (to prevent SLO2.1 activation by Na+ influx but maintain
osmolarity) or 135 mM NaCl (to promote Na+ influx). We found that intracellular Ca2+
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increased, (Figure 4.7) in MSMCs from non-pregnant and pregnant 7 dpc mice., while
the amplitude of the intracellular Ca2+ decreased in MSMCs from pregnant mice at 14

Figure 4.7. Na+ leak regulates intracellular calcium homeostasis in mouse MSMCs.
(A) Representative fluorescence traces from mouse MSMCs loaded with 10 μM Fluo-4 AM
in the presence of 135 mM Na+ or Li+. (B) Graphs of the areas under the curve of the first
5 min after changing the solutions as shown in A, in mouse MSMCs from mice at different
stages of pregnancy (NP, 7 dpc, 14 dpc, and 18 dpc). 80 mM KCl was used as a positive
control of the Ca2+ increases induced by membrane depolarization in mouse MSMCs from
non-pregnant and pregnant 18 dpc. Values are 17.4  8.12 (SD) (n=5) for NP, 16.8  4.03
(SD) (n=4) for 7 dpc, 5.8  2.25 (SD) (n=4) for 14 dpc, and 5.59  2.1 (SD) (n=4) for 18
dpc. All data were normalized to the fluorescence in 5μM ionomycin and 2 mM extracellular
Ca2+ (Iono), and all data are presented as mean and standard deviation. One-way ANOVA
followed by Tukey's multiple comparison test was used to evaluate statically significance.
Data are presented as mean and standard deviation. *P<0.050. Unpublished data.

and 18 dpc (late pregnancy) when 135 mM Na+ of the external solution was substituted
by 135 mM Li+ (0 Na+)
I concluded that in the absence of Na+ influx, SLO2.1 channels are less active,
reducing K+ efflux and depolarizing the MSMC membrane, thus leading to the
activation of VDCC and intracellular Ca2+ increases. The activity of the Na signaling
complex seems to be essential during the first part of pregnancy, and the effects are
significantly reduced at late pregnancy. Nevertheless, more experiments are needed
to determine: 1) the involvement of VDCC and dependence with extracellular Ca 2+, of
intracellular calcium increases 2) the basal calcium levels at the different stages of
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pregnancy, 3) the individual role of SLO2.1 and NALCN in the modulation of mouse
MSMCs Ca2+ responses.
4.3.5 NALCN and SLO2.1 co-localize in mouse MSMCs
As has been shown in neurons by different authors and by me (Hage & Salkoff, 2012;
Takahashi & Yoshino, 2015) in human MSMCs (chapter 3), SLO2.1 can form
functional complexes with Na+ channels, particularly with NALCN, in human MSMCs
(Ferreira et al., 2021). This knowledge led me to propose that NALCN co-localizes
with SLO2.1 and form a functional complex in mouse MSMCs. To test this hypothesis,
I performed in situ proximity ligation assays in mouse MSMCs from non-pregnant
animals. In this assay, cells were stained with primary antibodies recognizing the two
proteins (SLO2.1 and NALCN) and secondary DNA-tagged antibodies. If the two
proteins are within 40 nm of one another, DNA ligation and amplification occur and
can be detected as fluorescent punctae in the cells. Mouse MSMCs showed
significantly more punctae density in cells treated with specific NALCN and SLO2.1
antibodies than those treated with either antibody alone or only secondary antibodies
(Figure 3.4). I concluded that NALCN and SLO2.1 are in spatial proximity in mouse
MSMCs. More experiments are required to evaluate the spatial proximity of NALCN
and SLO2.1 at different stages of pregnancy.

4.4 Summary.
Here, I presented four lines of preliminary evidence that NALCN and SLO2.1
functionally interact and modulate mouse MSMC membrane potential and excitability.
First, I reported that an influx of Na+, carried predominately by a NALCN-dependent
Na+ leak current, modulates SLO2.1 activity. Second, activation of SLO2.1 by the
inward Na+-leak currents leads to membrane hyperpolarization. Third, we show that
the regulation of SLO2.1 channels by this Na+ signalling mechanism regulates Ca2+
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homeostasis in mouse MSMCs. Finally, we show that NALCN and SLO2.1 are in
spatial proximity in mouse MSMC.
NALCN/SLO2.1 functional complex showed differential activity at different stages of
pregnancy, which is in line with recent data published by our group and others. The
hyperpolarization

induced

by the

activity

of

this Na+ signalling

complex

(NALCN/SLO2.1 functional complex) is more prominent during the quiescence period
of pregnancy -first two trimesters in humans and first 7-10 days in mice- than at the
end of pregnancy.

4.5 Concluding Remarks
Pregnancy is a complex physiological event in which a timely transition of uterine
activity from a quiescence state to an active state is vital to the health of both the
newborn and the mother. However, this transition is often mistimed, and in the U.S.,
approximately 12% of babies are born prematurely, and up to 10% of pregnancies are
described as post-term (Gulmezoglu, Crowther, Middleton, & Heatley, 2012; Martin,
2011). In humans, mice, and rats, in order to transition to a more contractile state,
MSMCs need to depolarize gradually during pregnancy (Berridge, 2008; Casteels &
Kuriyama, 1965; Osa, 1974; Parkington et al., 1999). Like all animal cells, the MSMC
resting Vm is predominantly controlled by the magnitude of the outward K + leak current.
An increase in K+ efflux hyperpolarizes the cell (more negative, favoring quiescence);
conversely, a decrease in K+ efflux depolarizes the cell (more positive, favoring
contraction). Thus, understanding the regulation of the Vm in the myometrial smooth
muscle cell is essential to understand normal labor physiology and treating
dysfunctional pregnancy outcomes.
However, the mechanisms that control changes in K+ permeability MSMCs are
unclear. The results presented in this thesis described a new unconventional
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modulation of uterine contractility during pregnancy, a Na + signaling complex formed
by NALCN and SLO2.1 channels that regulates the resting Vm of MSMCs. We also
showed how the major pregnancy hormones (P4, E2, and Oxytocin) influence uterine
contractility through modulation of this new complex (Amazu et al., 2020; Ferreira et
al., 2019).
First, the England laboratory described the contribution of NALCN to the Na + leak
currents in MSMCs from humans and mice (Reinl, Cabeza, Gregory, Cahill, &
England, 2015; Reinl et al., 2018). Recently the same lab was the first to establish that
NALCN expression and activity are upregulated by P4 and downregulated by E2
(Amazu et al., 2020). Second, in 2019 we were the first to describe the presence and
functionality of the Na+-activated K+ channels, SLO2.1 in human MSMCs (Ferreira et
al., 2019). We reported the activity of these channels at rest, their contribution to the
Vm, and how their inhibition by oxytocin through a non-canonical pathway affects
uterine contractility (Ferreira et al., 2019). Third, we discovered a novel Na+ signaling
complex formed by NALCN and SLO2.1, that, contributes to the maintenance of a
hyperpolarized Vm and the quiescent period of pregnancy. Lastly, I presented
preliminary unpublished data indicating the presence of the NALCN/SLO2.1 functional
complex in mice MSMCs and how the expression and activity of this complex is
regulated during pregnancy.
Our findings of a novel mechanism for regulating MSMCs membrane potential and the
contribution of SLO2.1 and NALCN into uterine quiescence could facilitate future
efforts aimed at developing therapeutics. Inhibiting the NALCN/SLO2.1 complex could
promote labor and its activation can promote quiescence and prevent preterm labor.
Additionally, our work highlights a new paradigm in membrane potential regulation:
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rather than acting as a depolarizing agent, Na+ influx through NALCN can act as a
signal to activate SLO2.1 and promote membrane hyperpolarization.
In the future, it will be essential to identify and characterize additional members of the
NALCN/SLO2.1 complex in MSMCs and determine their functionality. Several NALCN
accessory subunits have been identified and are thought to be necessary for NALCN
function and localization on the plasma membrane in various tissues. These include
FAM155A, UNC79, and UNC80. The C. elegans homolog of FAM155A, NLF-1, is an
endoplasmic reticulum resident protein that facilitates NALCN folding and delivery to
the axon (Xie et al., 2013). In HEK293 cells, FAM155A or the related protein FAM155B
is necessary for NALCN function, as are UNC79 and UNC80 (Chua, Wulf, Weidling,
Rasmussen, & Pless, 2020). This indicates that FAM155A, UNC79 and UNC80 are
the “core” accessory subunits needed for NALCN function. UNC80 directly interacts
with NALCN through a recently identified N-terminal domain (Wie et al., 2020). UNC80
acts as a scaffold protein binding to other proteins, such as UNC79 and members of
the Src family of tyrosine kinases (SFKs), bringing them into the NALCN complex (Lu
et al., 2010; Wang & Ren, 2009; Wie et al., 2020). SFKs participate in regulating
NALCN activity, as both neuropeptides and G-protein coupled receptors (GPCRs)
regulate NALCN in an SFK-dependent manner (Amazu et al., 2020; Lu et al., 2010;
Swayne et al., 2009).
In collaboration with Kent from England’s lab we measured the expression of
FAM155A, UNC79, and UNC80 in human MSMCs. Non-quantitative RT–PCR showed
that whereas UNC79 and Fam155A were expressed in term non-labor human
myometrial tissue (data not shown), UNC80 was not (Reinl et al., 2015). However,
UNC80 expression was detected in uterine tissue from non-pregnant women (Reinl et
al., 2015), suggesting that expression of members of the complex is differentially
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regulated over the course of pregnancy. Thus far, no work has been done to evaluate
expression of these proteins in mouse myometrium, nor has an effort been made to
identify all NALCN accessory proteins.
Members of the SLO K+ channel family (SLO1 and SLO3 channels) are modulated by
beta and gamma subunits (Martinez-Espinosa et al., 2015; Yang, Zeng, Xia, & Lingle,
2009; Zeng, Yang, Xia, Liu, & Lingle, 2015). Several beta and gamma subunits are
expressed in the uterus (Lorca et al., 2017; Lorca, Prabagaran, et al., 2014; Lorca,
Stamnes, et al., 2014; Lorca et al., 2018), but whether these proteins bind to or
modulate SLO2.1 is unknown.
Future work will be focus on identifying new members of the complex and determine
their function. We will continue our investigation to answer these questions and better
understand uterine physiology during pregnancy.
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